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Abstract 
This thesis presents research into the mechanical and electrical characterisation of 
Anisotropic Conductive Adhesive (ACA) particles and their behaviour within typical 
joints. A new technique has been developed for study of individual ACA particle 
mechanical and electrical performance when undergoing deformation. A study of the 
effects of planarity variations on individual electrical joints in real ACA assemblies is 
presented firstly, followed by the research on the mechanical deformation and electrical 
tests of individual ACA particles undergoing deformation. 
In the co-planarity research, experiments introducing deliberate rotation between 
a chip and substrate were designed and carried out to simulate planarity variations 
in ACA assemblies. There are two outputs from this part of the research. One is the 
planarity variation effects on individual electrical joints in ACA assemblies, and the 
other is the effect of bond thickness on the resistance of a real joint. 
The mechanical deformation and electrical resistance of individual ACA parti-
cles undergoing deformation were measured using specially prepared punches in a 
nano-indentor. Information on various aspects of their mechanical deformation and 
electrical behaviour of a single ACA particle has been obtained through analysis of the 
experimental results. The mechanical aspects include the typical load/deformation 
relationship, visa-elasticity, presence of an adhesive resin, and multiple particles; the 
electrical performance aspects include the typical resistance of a single ACA particle, 
electrical stability, choice of punch materials and V/I behaviour. Four stages were 
identified in a typical particle deformation i.e. initial deformation, further deforma-
tion, crushing, and post crushing. The strain stress curve of the particle deformation 
indicated that the particle appears to soften in the first stage, and harden in the 
second stage but appears to soften again before crushing. The relationship between 
the joint resistance and deformation of a particle was found to be a exponential decay 
function affected by the conductivity and surface finish of the punch and base stage. 
Finally an individual ACA particle was found to exhibit ohmic conduction. 
A comparison between the joint resistance versus deformation and individual par-
ticle versus deformation results shows good agreement between the two experimental 
techniques and demonstrates that the single particle experiments can be used to de-
termine information relevant to the performance of actual ACA assemblies. 
In conclusion, the planarity effects on individual ACA joints of ACA assemblies 
xvii 
xviii 
has been analysed and anew jnovel methodology for the mechanical and electrical 
testing of individual AeA particles has been developed in this research. A number 
of significant findings have resulted from these experiments. The technique could be 
used to test any kind of micro particles that are of a similar size to the ACA particles 
tested. 
Key words: Anisotropic Conductive Adhesive (ACA), co-planarity variation, 
joint resistance, reliability, mechanical deformation, electrical test, punches, nano-
indentor, visco-elastic, voltage and current (V /1). 
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Chapter 1 
Introd uction 
In this introductory chapter, the background to the research undertaken and the aims 
are introduced, followed by a discussion of the structure of the thesis and a summary 
of the achievements made. 
1.1 Background 
With technology advancing, electronic products are touching every aspect of human 
life with the potential to bring everyone around the planet into the digital age. It 
is hard to imagine a world without computers, cell phones, televisions, fax machines 
and other electronic products. The technologies behind all these electronic devices in 
space exploring, automotive, communication, computer and medical industries are all 
based on micro-devices and packaging technologies. The fundamental technological 
building blocks behind all these products are four technology waves: Microelectron-
ics, RF/Wireless, Photonics and Micro Electro Mechanical Systems (MEMS) [1]. 
However, their exploitation is only possible with advanced packaging technology. In 
other words, it is system and device packaging that integrates these technologies into 
products. Therefore, electronics packaging plays an important role in all electronic 
products. Furthermore, developments in the semiconductor industry, along with con-
sumer demand for cheaper, lighter, high-density information processing tools, have 
demanded revolutions in the entire electronics packaging infrastructure. Develop-
ments in semiconductor technology have resulted in very large scale integration de-
vices with attendant feature sizes as small as a 0.3 to 0.2 microns and input/output 
(I/O) counts of hundreds or thousands [2]. 
1 
2 
Electronics packaging is defined as the bridge that connects the Integrated Circuit 
(IC) and other components to form a product [3][4]. Figure 1.1 shows schematically 
a typical packaging hierarchy for a complex system. The first interconnection occurs 
at the level where the input/output (I/O) pads on the IC are bonded to a substrate 
or package to form the first level of the packaging. This stage of packaging is referred 
to as an IC assembly. The second interconnection is achieved between the lead frame 
of the first-level package and the electrically conductive pads on the printed circuit 
board (PCB). This is referred to as a board assembly. The third level package is 
the system-level board, with components assembled on either or both sides, typically 
completing the system. 
Wafer 
Chip 
(Single Chip Module) 
Flrst-t.evel Package 
(Multlchlp Module) 
Third-Level Package 
or 8ackplane) 
Figure 1.1: Packaging hierarchy [4]. 
Many packaging technologies and materials are used in IC devices and applica-
tions. High density, high reliability, high speed production and low cost as well as 
"green" packaging (e.g. lead free) are currently the main issues in designing and 
developing new electronics assembly technologies. Among these new technologies, 
anisotropic conductive adhesives (ACAs) first proposed 50 years ago is a novel pack-
aging [5], which are capable of high density, low temperature bonding. They have 
been used in various niche applications in flip chip die-attach, smart cards and Liquid 
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Crystal Display (LCD) or other flat panel assembly [6]. Nowadays, ACAs are becom-
ing popular bonding materials especially in the Aat panel display, disk d rive and smart 
card industries, where traditional soldering processes are unable to achieve both the 
fine pitch and low temperature assembly requirements . For example, high density 
I/ Os have to be produced in LCD panels due to the high display resolu tion and more 
vivid colour quali ty achieved by today's technology. Such fine pi tch connections of 
less than 100 J.Lm are more suitable to be bonded by ACAs, where it is impossible 
to use trad itional solder alloys [7]. Lower processing temperature is another strength 
of ACAs compared to solder alloys since many components are sensit ive to heat and 
cannot survive the solder reAow process where for lead free al loys the peak tempera-
tures can be as high as 250 °C , which is far too high for many piezoelectric materials 
(e.g. ink jet printers) and board materials to survive. 
ACA materials consist of electrically conductive particles within a polymer mat rix. 
It can be placed between e.g. an IC and a substrate or a flex or a glass panel to form 
the electrical interconnections between them. T hese connect ions are anisotropic as 
the current can only travel through the thickness of the adhesive, but not between 
adjacent joints as shown in Figure 1.2. It can be seen in the figure that some particles 
are trapped between the chip bumps and the substrate pads. T he particle deform at ion 
in the ACA joints is importan t , because the contact a reas between the deformed 
part icles and the component pads are decided by the part icle deformation degree. 
The higher the defo rmation degree the trapped particles is, the bigger the contact 
areas and the lower the joint resistance are. T herefore, it is important to do some 
systematic research on the mechanical and electrical characteristics of ACA particles, 
multiple and individual. 
Bump Conductive particle 
'.. Chip 
"~~~GlJ~~ 
Subslralc 
Figure 1.2: A typical ACA package. 
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Research on the mechanical and electrical characterisation of ACA particles will 
be presented in this thesis. These include the co-planarity research on the mechanical 
and electrical study of individual ACA joints in ACA assembles and the mechanical 
deformation and electrical tests of individual ACA particles undergoing deformation. 
The co-planarity research is the planarity variation and bond thickness study on 
individual ACA joints packaged with multiple ACA particles. And the research on 
the individual ACA particle compression is a systematic study on the mechanical 
and electrical performance of individual ACA particle. Therefore, in summary, the 
research presented in this thesis are firstly focused on the tests of multiple ACA 
particles and then the systematic research on individual particles. 
In conclusion, electronics packaging using ACAs provides significant advantages 
for fine pitch connections and low temperature assembly. On the other hand, ACAs 
are also lead-free and hence satisfy many of the current environmental legislation 
restrictions stated in recent European directives or other national legislation [8][9]. 
However, the major concern with ACF materials is their yield and conductivity. The 
planarity variation effects on the ACA assemblies are the current research challenge 
that is needed to be examined before ACAs can be used in really high volumes for low-
cost applications [6]. Compared with traditional metallic solder materials, especially 
tin-lead solders, ACAs are very new with little documented study on the mechan-
ical and electrical characterisation of ACA particles available, especially individual 
particles. 
1.2 Aims and Objectives of The Thesis 
The research presented is dedicated to the exploration of the fundamental mechanical 
deformation and electrical conduction characteristic of individual ACA particles. The 
methodology used to undertake this research is a combination of novel experiments 
and mathematical analysis. 
ACA particles are typically around 3 f.lm to 10 f.lm in the diameter, therefore it is 
very difficult to investigate their properties individually. The majority of published 
research on the mechanical deformation and electrical conduction of ACA particles 
are focused on the properties of ACA interconnections with multiple ACA particles, 
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normally hundreds or thousands per joint together. The advantage of this approach 
is the easy experiment setup and the subsequent analysis, however, on the other 
hand, whilst the experimental results can establish some properties of individual AeA 
particles, they are limited in their ability to reveal the fundamental characteristic of 
single AeA particle. 
The yield of assemblies bonded by ACAs has been found very sensitive to the 
misalignment of the packaged parts and especially the non-planarity effect of the pad 
surface [10]. The non-planarity packaging or the planarity variation in the assemblies 
can be summarized that the bump surface and the pad surface in a joint are not 
parallel. Little published research [11] has been found on this topic, since it is very 
difficult to control the planarity of bumps on chip or pads on substrate due to the 
small bump surfaces, normally about 20 pm by 20 pm. One objective of this research 
is to design experiments and examine the planarity effects for an AeA bonded pack-
age from the experimental results. Therefore, co-planarity experiments for rotation 
errors were carried out and presented in this thesis. In the experiments, different 
no-planarity AeA joints were assembled by differing the amounts of the angled chip 
on the substrate, that is, the non-planarity joints were formed by the chip rotation; 
there were no non-planarity bumps on the chip or pads on the substrate. These non-
planarity assembles were similar as the wedge experiment [11], however they were 
more flexible and not affected by adhesive flow restriction as there was no metal foil 
on the bonded edges. Another advancement of these experiments were the real chips 
and substrates, instead of two rigid planar surfaces, were used. The effects of rotated 
chip bonding (bond thickness effects) on the particle deformation have also been ac-
quired from these tests. Furthermore, these experiments can also be considered as 
the research on the mechanical deformation and electrical conduction of AeA joints 
with about 20 particles, because different particle deformation degrees were packaged 
in the real AeA assemblies. 
During the final stage of the bonding process, AeA particles are trapped be-
tween the component pads, become deformed to construct electrical paths between 
the two components. Once trapped the particle deformation degree is therefore very 
important in deciding the mechanical and electrical characteristic of bonding. Sev-
eral electrical contact models for predicating contact resistance have been suggested 
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[17][18][19][20][21 ][22], and some experiments have been reported to support these 
models, but all the experiments were done with multiple particles (including the 
co-planarity research in the thesis), not individual particles. The mechanical and 
electrical properties of the individual AeA particles in a joint are fundamental to the 
overall properties of the AeA assembly. Successful research on these props of indi-
vidual AeA particles will contribute to the basic understanding of AeA technology 
and establish the reasons for failure, thereby helping to further improve AeA bonding 
reliability and material manufacturing process. 
The overall aims of this research are to use both experiments and mathematical 
analysis to investigate: 
• The effect of co-planarity variation on AeA assemblies. In detail, it is the 
research on the planarity variation and bond thickness effects on the mechanical 
and electrical performance of individual AeA joints in AeA assembles. 
• Individual AeA particle compression. In detail, it is the systematic research 
on the mechanical and electrical characteristics of individual AeA particles 
undergoing deformation. 
The first task, investigation of non-planarity effects, was carried out through: 
• Design an experiment to assembly the substrates and chips in certain tilted angle 
to simulate non-planarity assemblies, in which AeA particles were deformed in 
different deformation degree and cured in individual electrical joints. 
• Statistical analysis of the experimental results. 
The second task, the mechanical and electrical tests on individual AeA particles, was 
achieved by using novel experimental methods with a nano-indentor machine. The 
details are as follows: 
• Experiment design, including the preparing of needle punches, base stages for 
mechanical and electrical tests and the test methodology by using N anoTest™ 
machine. 
• Mechanical deformation of individual AeA particles undergoing deformation. 
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• Electrical tests of individual ACA particles undergoing deformation . 
• Statistical and mathematical analysis of the experimental results. 
1.3 Structure of the Thesis 
In total there are 8 chapters in this thesis. The introduction to this research is 
presented in Chapter 1, and outlines the background, aims and original findings of 
this thesis. It illustrates the challenges in the electronics industry at present and 
explains why the research on ACAs is important. 
In Chapter 2, a literature review of the early history and recent research related 
to ACA assemblies is presented. More than 90 academic papers are cited, which 
are classified into five major topics, which are ACA history and associated technolo-
gies, ACAs, ACA assembly process, ACA interconnections, and reliability of ACA 
assembly. 
Chapter 3 details the co-planarity experiments, followed by the results and dis-
cussion in Chapter 4. In these two chapters, the research on the planarity variation 
and bond thickness effects on the mechanical and electrical performance of individual 
ACA joints in ACA assembles are presented and discussed. 
In Chapter 5, the experiments on the mechanical deformation and electrical con-
duction of individual ACA particles are presented. Thanks to the novel methodology, 
including use of specially prepared punches and four wire resistance (FWR) mea-
surement system, the whole history of particle deformation versus load force and 
deformation was recorded, as was the electrical performance of individual ACA par-
ticles undergoing deformation. In the following chapters 6 and 7, the experimental 
results for the mechanical deformation and electrical tests of individual ACA particles 
are summarized, analyzed and discussed. 
Chapter 8 concluded the thesis with a summary of the achievements and potential 
further work is discussed. 
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1.4 Original Techniques and Findings 
This is believed to be the first time that planarity effects in an AeA assembly have 
been studied using the methods in this research. It is shown that the performance of 
AeA bonding is sensitive to the rotation differing between the chip and the substrate. 
The joint resistance increased quickly in the less compressed side, however kept almost 
stable in the highly compressed side although bad reliability was expected if the 
particles were over deformed. 
A novel experimental design to measure the mechanical and electrical properties 
of individual AeA particles undergoing deformation has been achieved in this re-
search. This is the first systematic experiment of its kind that has been carried out 
in the world. The specially prepared punches manufactured by polishing the points 
of metal needles manually are the first tools that can both deform individual AeA 
particles and measure electrical resistance, no report of a similar achievement in the 
literature in the past 30 years has been found. After the mechanical deformation of 
single AeA particles and the electrical tests of individual AeA particles undergoing 
deformation were achieved, a clear understanding of the effects of the bonding force 
on the deformation of individual AeA particles and their resulting conductivity when 
in contact with an appropriate metallic surface was established. Deformation proper-
ties of individual AeA particles were built and the relationship between the electrical 
resistance and mechanical deformation of individual particles were acquired from the 
experimental results by using mathematical fitting. This research will contribute to 
the fundamental research of AeA technology and therefore help to find the optimum 
particle deformation degree and manufacture more efficient AeA materials. 
So far, this research work has resulted in 5 international conference papers [12] 
[13][14][15][16], and some journal papers are under preparing. 
Chapter 2 
Literature Review 
2.1 Introduction 
The principal objective of this literature review is to provide significant insights into 
the basic characteristics of AeA materials including history and associated technolo-
gies, materials, assembly process, interconnections and reliability of AeA assemblies 
based on a review of previously reported scientific research, and to identify the current 
challenges and future prospects for this technology. 
Initially, AeA history and associated technologies are introduced, including the 
material development history, flip chip assembly, soldering and the diverse conductive 
adhesive packaging. 
Secondly, AeA materials are introduced, including AeA types and their typical 
composition, types of AeA particles and the conductive mechanisms in AeA mate-
rials. 
Thirdly, a typical AeA assembly process is presented. These include the bond-
ing tolerances in the alignment process and the bonding force, particle deformation, 
curing methods, resin flow and thermo-mechanical performance in the final bonding. 
Fourthly, AeA interconnections are conducted in detail in the section, which is 
structured in the sequence of a current path where five types of component resistance 
can be identified from the chip bump, the contact between the chip bump and the 
particle, the particle, the contact between the particle and the substrate pad, to the 
substrate pad. 
Finally, reliability of AeA assembly is presented. This chapter is ended by the 
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current challenges and thesis tasks. 
2.2 AeA History and Associated Technologies 
Flip chip assemblies by soldering are still the leading packaging method in electronics 
industry. However, such assemblies have limitation on their fine pitch outer lead 
bonding. ACA assemblies are devised as next generation technology to achieve fine 
pitch interconnections. Compared to the traditional soldering connection, ACAs are' 
good at fine pitch, low temperature and low cost electronics packaging, suitable in 
fine pitch flip chip bonding for LCD driving ICs, such as digital watches, viewfinders, 
and personal Palms or laptops, where the classic soldering flip chip technology are 
not capable of high density packaging in small size. ACAs are widely using in flip 
chip bonding to connect chips onto Flexible Printed Circuit (FPC), Printed Circuit 
Boards (PCB), and ITO coated glass. Chip-on-glass (COG), Chip-on-boards (COB) 
and Chip-on-flex (COF) are three kinds of ACA flip chip packaging in the interest 
of product miniaturization, multiple connectivity, and low cost. On the other hand, 
ACAs are also widely used for high density interconnection between LCD panels and 
tap carrier packages (TCPs) to replace the classic soldering and rubber connecting. 
2.2.1 AeA History 
Extensive research and development have taken place since the earliest concept of 
ACA was introduced in the 1950s [23]. In the early 1980s, some companies, such as 
Sheldahl in the United States and Sony in Japan, were facing problems connecting 
low temperature materials unable to withstand the high temperatures of soldering 
processes. At this time, Sheldahl and other flexible circuit manufacturers focused 
many resources on the problem of connecting ICs to the circuit boards unable to 
withstand the high temperatures of soldering processes, whilst a concerted effort in 
solving the connection problem for substrates used for LCDs was made in Japan. 
The Japanese company, Sony, first introduced samples of an interconnect film that 
contained carbon fibres which were oriented in parallel and acted as the electrical 
conductors. Almost at the same time, companies in the United States suggested 
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that the conductors within the polymer matrix should be spherically-shaped metal 
particles and both Sheldahl and Amp produced ACAs using silver particles in 1985. 
Since then, considerable research has been undertaken around the world to develop 
improved ACA materials. 
2.2.2 Flip Chip Assembly 
The popular interconnect methods to connect the chips on the substrate are wire 
bonding, TAB bonding and flip chip bonding. Among these methods, flip chip pro-
vides the shortest possible leads, lowest inductance, highest frequency, best noise 
control, highest density, greatest number of I/Os, smallest device footprints, and low-
est profile. Flip chip assembly is to mount the flip chip on a substrate or board using 
various interconnect materials and methods, as long as the chip surface (circuit) is 
facing (oriented in the direction of) the substrate [24]. Flip chip assemblies have been 
successfully applied in electronics packaging to make smaller, more compact products 
and high density for high-speed circuitry since one of the earliest flip chip technologies 
was introduced by IBM in the early 1960s. During these years, electronics product 
are getting smaller and smaller and I/O leads is getting finer and finer due to the 
developing of modern flip chip technology, as well as new development in electronics 
assembly. Flip chip assembles by soldering are still the major assembly technique in 
electronics industry, however flip chip assembles by conductive adhesives are getting 
popular nowadays, especially in some niche area where soldering is incapable. 
2.2.3 Soldering Assembly 
Soldering is one of the oldest methods of metal jointing that is using in electronics 
packaging. When used properly with today's improved methods and materials, it 
can solve many design and production problems reliably and economically. The vast 
majority of solder used in electronics assembly have traditionally been based on the 
binary system of tin and lead, with possibly small additions of silver and antimony. 
They offer advantages of low cost and ease of use, allowing relatively low soldering 
temperatures and a wide choice of soldering techniques. However, there has long been 
concern over the toxicity of the lead and has since been worldwide environmental 
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concern over the fate of obsolete electronic and electrical equipment when eventually 
discarded. Therefore, tin-base alloys containing some copper, silver and bismuth are 
now widely used. Actually, there are already some lead free electronics products 
available in the market during recent years. 
The widely used soldering method is SMT and BGA packaging, they still can 
not be replaced by other kinds of interconnect methods, such as adhesive packaging, 
because their joint reliability are still better than the adhesive joints. However, the 
adhesive package has been used to replace soldering in some area where the soldering 
is not suitable or impossible. The direct drive forces towards using and developing 
new joint material and method are the demand of portable and high capacity elec-
tronics products. It is also clear that lead will have to be phased out of electronics 
assembly on a global basis and within a relatively short time. In an effort to mini-
mize the risks and the impact on the environment and human health, the European 
Union (EU) has passed new directives and legislation restricting the use of hazardous 
substances including use, treatment and disposal of waste electrical and electronic 
equipment. Introduced in 1998 by the European Union, WEEE (Waste Electrical 
and Electronic Equipment) is a directive (law) that bans the selling and/or import of 
all electronic/electrical equipment containing lead interconnect by January 1, 2004 [8]. 
Adopted by the EU on June 13, 2000, RoHS (Restriction of Hazardous Substances) 
is a European Union initiative to ban six hazardous materials I including lead and 
mercury from electronic products by July 1, 2006. Products sold in the EU after 
July 2006 must contain less than a maximum concentration value of 0.1% by weight 
in homogeneous materials for lead, mercury, hexavalent chromium, polybrominated 
biphenyls (PBB) and polybrominated diphenyl ethers (PBDE) [9]. 
The most promising tin-based alloys have successfully used in some packages. 
However, more work still need to do to find more lead-free solders to replace the lead 
alloys for green electronics packaging. Adhesive is one of the promising alternative. 
lCadmium (Cd), mercury (Rg) , hexavalent chromium (Cr (VI)), polybrominated biphenyls 
(PEEs) and polybrominated diphenyl ethers (PEDEs), as well as lead (Pb) 
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2.2.4 Conductive Adhesive Packaging 
Adhesives have a significant processing advantage over solder, which exposes com-
ponents and circuits to harsh temperature environment during packaging. It is no 
wonder that adhesives play a great role in electronics packaging. The adhesives used 
in electronics are basically synthetic polymer-based adhesives, versatile, compatible 
and easy to synthesis and customize. They are so important for electronics industry 
that most of our modern electronic products would be impossible without them. Ad-
hesive packagings are intrinsically clean, simple, and logical solution for all other kinds 
of electrical interconnect challenges. Adhesives are not only lead free, ideal alterna-
tive to solder, but also highly compatible materials which are proposal solution to 
problems where solder is totally inadequate. Their low assembly temperatures induce 
lower thermal shock in the components and circuits than high soldering temperature. 
Electronics industry can thus pay less attention on the components' thermal proper-
ties and accordingly cost less than those in solder assembly. Three types of conductive 
adhesives can be identified as their conduction mechanisms are considered. They are 
none-conductive adhesive, isotropic conductive adhesive and anisotropic conductive 
adhesive. 
A. None-conductive Adhesive (NCA) 
It may sound impossible, but it is true that selective adhesives are used to create 
mechanical connection between opposite component pads. They can be used to make 
it because their Coefficient of Thermal Expansions (CTEs) are much lager than the 
metal pads', thereby locking compressive stresses around the joints after curing to 
provide pressure contact between the pad surfaces. The insulation barrier between 
contact interfaces is not avoidable, the thicker the barrier is, the larger the contact 
resistance. The successful NCA joints are accomplished by applying enough force 
to displace adhesive from between electrical contact areas to make the insulation 
layer as thin as possible. Such assemblies has been used in circuit-to-circuit mating, 
circuit-to-LCD and bare die to circuit interconnections [25J. 
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B. Isotropic Conductive Adhesive (ICA) 
ICAs consist of a polymer matrix filled with conductive metal particles, normally sil-
ver flakes, conduct equally well in all directions [26]. Similarly to NCA, it is the epoxy 
that provides the mechanical adhesion. The conduction paths are from a component 
pad to flakes, and flakes to flakes, ended at the opposite pad. Obviously, the higher 
metallic content contributes to higher conductivity, however, higher metallic content 
lowers adhesive strength, therefore, the optimum volume ratio of metal filler is very 
important to the conductive and mechanical properties of ICA joints [26]. There are 
two kinds of ICAs as for the adhesive formula, thermoset ICAs and thermoplastic 
ICAs. Thermoset ICAs are chemically cured during the thermosetting temperature 
and not reverable after bonding. The advantage characteristic of thermoset ICAs is 
higher strength than thermoplastic ones. Thermoplastic ICAs could be applied as 
solvent-containing pastes, dried to solids and then melted for assembly. They have 
been referred to as 'organic solders', as they are much more akin to solders. Different 
from thermoset ICAs which change chemically during thermosetting, the thermoplas-
tic ICAs can be re-melted for re-bonding [27]. 
The problems with using ICAs as bonding material are the long duration and 
high curing temperature, and junction instability [27]. New designed fast curing and 
infrared (IR) curable lCAs have successfully used in the traditional SMT line without 
modification or adding equipment, fast and low temperature. Even though very stable 
adhesives were used, the junction between the component and circuit often showed a 
large increase resistance after reliability test, such as humility and temperature aging 
[27]. The instability may be resulted from the formation of insulating oxide on the 
component leads, especially on the flakes, and the water absorption in the adhesives. 
However, oxide-reducing hardeners, such as anhydrides and carboxy acids, have been 
introduced to stable lCA joints. Much more work is being done in the lCA area to 
increase their performance and reliability [27]. 
C. Anisotropic Conductive Adhesive (ACA) 
Compared to NCAs and lCAs, ACAs are designed to achieve even more complex 
packaging system by simple methods. It is to disperse conductive particles in a 
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dielectric adhesive while the loading is kept low enough so that the material is not 
made conductive by contact between particles. 
2.3 Anisotropic Conductive Adhesives (ACAs) 
ACAs consist of a polymer adhesive matrix containing fine conductive particles dis-
persed either randomly, or more rarely in an ordered way [28J. They have been 
significantly applied in surface mount applications for many years, although origi-
nally designed for applications such as the joining of edge connectors to flat panel 
displays [29J. Beside the extensive use in LCD assembly, ACAs have gained popular-
ity as a potential replacement for solder interconnections, especially for fine pitch flip 
chip bonding. During the bonding process, some ACA particles are trapped between 
each chip bump and the associated substrate pad, and become deformed sufficiently 
to achieve electrical interconnections between the chip and the substrate. A typical 
ACA flip chip assembly is shown in Figure 1.2. After bonding, the deformed parti-
cles are held between the bump and the pad by the compressive force, induced by 
the cured adhesive around the joints, resulting in high quality, fine pitch electrical 
interconnections. 
Considerable work has been carried out in many laboratories to better exploit the 
fascinating concept of uni-directional conductivity [30J. Figure 2.1 shows an ACA 
material consisting mainly of an adhesive layer containing a random dispersion of 
fine conductive particles [13J. In general, ACA materials are prepared by dispersing 
electrically conductive particles in an adhesive matrix at a concentration far below the 
percolation threshold. The concentration of particles is controlled such that enough 
particles are present to provide conduction in the Z-direction while too few particles 
are present to achieve percolation conduction in the X-Y plane [31J. Therefore, the 
conductivity of these materials is restricted to the Z-direction (perpendicular to the 
plane of the board) with electrical isolation provided in the X -Y plane. 
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Figure 2.1: Schematic of an Anisotropic Conductive Adhesive [13]. 
2.3.1 ACA Types and Their Typical Composition 
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Figure 2.2 shows the main categories of ACA materials . There are two forms of 
ACA, films (ACFs) and pastes (ACPs) . These two kinds of ACAs typically have 
similar composit ions, but are delivered to the user in a different form. Pas te materials 
are applied by either printing (sc reen and stencil ) or dispensed wi th a syringe, and 
film materials are typically supplied by the adhesive manufacturer in a reel and the 
end-us r must have dedicated equipment to cut , align and tack the adhesive into 
Anisotropic Conductive Adhesives 
Adhesive resin 
Rigid 
Thennosetting Paste 
Compliant 
Thermoplastic Film 
Solder 
Figure 2.2: Ae A types and their typical composit ions. 
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position on the substrate. Two types of adhesive matrix are available: thermoplastic 
and thermosetting. Thermoplastic adhesives are thermally reversible, and therefore 
have good rework-ability since they melt if re-heated. Thermoset adhesives, however 
cross link during cure and are not thermally reversible. Thermosetting adhesives 
are typically cured either through application of heat or DV radiation. Thermoset 
adhesives are more durable than thermoplastic ones due to the stronger chemical 
bonds in cured thermoset adhesives, therefore are more mechanically stable in service 
temperature. Therefore, thermoset adhesives are more commonly used in electronics 
packaging nowadays. The conductor particles are generally dispersed randomly in 
the resin/polymer at a low density, however, ACFs have been developed where the 
particles are uniformly separated in the same non-conductive plane [28]. The material 
has been designed in such a way to maximise the loading of particles and eliminate 
particle-particle interactions to provide a uniformly separated array of conductors. 
The typical density in the research was 1800 particles per mm2 for the relatively coarse 
(200 J.Lm) pitches. These two types of material are referred to as random ACAs, and 
ordered ACFs respectively. Several materials are used to make the particles, including 
solid metals and metal coated polymers and solders. Metal particles can be used 
directly to make ACA particles, such as silver, gold, and nickel, however, for nickel, 
gold coating is normally necessary to prevent them from oxidizing. Silver, nickel and 
gold coating on polymer cores are the most common types of AeA particles. Plated 
polymer particles have lower densities and therefore are less prone to settling and are 
easy to be deformed to make better contact with bonding surfaces. The preferred 
metals for polymer particles are nickel under a thin layer of gold [32]. The typical 
particle size is from 3 to 10 j.lm. The particle size selection is importance in the 
ACA packaging since adequate particles are needed in each joint to provide electrical 
conduction, therefore smaller particles are needed in the fine pitch applications where 
higher particle densities are necessary. Bigger particles, more than 10 j.lm, were 
used in the old days, however fine particles, around 4 J.Lm, are popular in fine pitch 
applications. 
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2.3.2 Types of AeA Particles 
Considered the mechanisms of ACA joints, there are three types of particles used in 
ACAs, rigid particles, compliant particles and solder particles [33J as shown in Figure 
2.2. 
Rigid particle systems and compliant particle systems were studied by Liu [5J. 
The schematics of the joint of a single particle system are shown in Figure 2.3(a) and 
(b) respectively. Rigid particles are hard relative to the substrate and component 
metallisations, therefore there is almost no particle deformation in packaging. Com-
pliant particles are plastically deformed during assembly and make contact over an 
area greater than their initial diameter. Solder particles can alternately be used to 
form metallurgical bonds through a reflow process to both the substrate and compo-
nent metallisations, therefore there is no need of the polymer adhesive to maintain 
the particles under a compressive load for solder particles [33J. Compliant particles 
are the most widely used conductive fillers for ACAs and are typically composed of 
gold and nickel plated polymer spheres, which are the main interests of this research. 
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Figure 2.3: (a) Schematics of a rigid particle system; (b) Schematics of a compliant 
particle system [33J. 
There has also been some research on solder particles. Much of the work on 
flip chip interconnections with solder filled ACAs had been reported by Solvolainen 
and Kivilahti [34][35][36J. They found that SnPb as well as Pb-free Sn alloys form 
intermetallic with copper and nickel based small solder particles, leaving a layer of 
relatively pure bismuth or lead, the most commonly used alloying elements. 
The compliant type, nickel and gold coated polymer particles are the best choice 
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for fine pitch ACA interconnections because the distribution of the diameter of parti-
cles is fairly uniform, and the particles can be dispersed uniformly into the adhesive 
compared to the rigid based particles due to the light weight of the polymer. On the 
other hand, the more easily deformed polymer particles are much cheaper than the 
noble metal particles. 
2.3.3 Conductive Mechanism in ACA Materials 
Electrical conduction through non-solder particle ACAs is achieved by the mechanical 
deformation of the conductive particles contained within the cured adhesive. As 
described by Whalley et al. [37], ACA joints rely upon the trapping of the conductive 
particles between the conductive pads on the two parts being connected, followed by 
the solidification of the adhesive thereby locking in residual stresses to ensure retention 
of sufficient contact force to create stable and low resistance electrical connections. 
In order to understand the electrical and mechanical behaviour of ACA materials, 
three key issues require to be considered. First, sufficient conducting particles must 
be trapped during the bonding process to guarantee electrical contacts with both 
conductor surfaces. Second, the degree of deformation of the particles determines 
the contact area between the particles and metal pads and therefore the electrical 
characteristics of the interconnections. Last, the residual stress state after assembly 
significantly influences the mechanical performance under testing conditions and in 
service [38]. 
ACA conduction mechanisms are highly depended upon the type of conductive 
particle that is formulated into the adhesive matrix, and the particle type determines 
the nature of the electrical contacts between the particles and the component parts. 
During ACA assembly, the applied pressure is not only required to displace excess 
adhesive such that single particles span the gap between component and substrate 
metallization surfaces, but is also required to deform some ACA particles to a suffi-
cient degree. After assembly, the cured adhesive supplied compressive force to hold 
the particles between the component pads. The contact resistance of ACA joint is 
dependent on the contact area between the particles and the pads. Such kinds of me-
chanical contact resistance are similar to the stationary contact resistance between 
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two metal pa rts in pairs as studied by Holm [39J as will be discu sed in the section 
of ACA interconnections. 
2.4 AeA Assembly Process 
ACA as emblies requi re dedicated bonding machine due to the fine pitch pads on 
the components . There are a number of key steps identifiable in the ACA assembly 
process [40J. They are described as Pre-assembly, Component placement , Heating, 
Assembly pressure applicat ion, Resin flow and particle compression. Resin cure, As-
sembly pressure release, and Cooling. Generally, t hey can be catalogued into three 
proc s es, pro-bonding, alignment and fina l bonding as shown in Figure 2.4. 
Anisotropic conductive film 
a) 
Conductive particle 
b) 
Substrate 
Pressure and heat 
c) 
Substrate 
Figure 2.4: ACA bonding proce s, a) pre-bonding; b) alignment; c) final bonding [14J . 
• Initially, pro-bonding as shown in F igure 2.4-a is to laminate the prepa red ACA 
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on the substrate by low pressure and low temperature. The aim of pre-bonding 
is to dispense or print pastes or placement and tack film materials . 
• Subsequently, the chip is accurately aligned to the pre-bonded substrate by a 
dedicated machine as shown in Figure 2.4-b, where the alignment accuracy is 
very important to the final bonding . 
• Finally, the final-bonding is achieved by applying pressure and heat on the chip 
as shown in Figure 2.4-c, and then the assembly is finished by properly cooling. 
2.4.1 Alignment 
There are many factors that affect the yield and performance of electronics packaging. 
Bonding parameters are often critical factors during adhesive bonding processes as far 
as final assembly quality and reliability are concerned. They are even more important 
in AeA packaging due to the complex mechanical, rheological and chemical properties 
of AeA materials. In addition to the bonding parameters, mechanical tolerances 
resulting from bonding process variations or component dimensional variations are 
other critical factors, which may be difficult to control. 
The alignments of chip to the substrate significantly affect AeA assemblies. The 
alignment could not be 100% accurate due to the bonding tolerances. There are two 
kinds of bonding tolerances in AeA packaging, in plane misalignment between the 
chip and the substrate, which may be translational or rotational, and co-planarity 
variations between the joint planes. Experimental research on the in plane misalign-
ment of components in AeA assemblies had been carried out in previous research [41]. 
Misalignment can be caused by chip placement errors, uneven assembling pressure, 
bump height variation and lack of flatness of the bump pads, and non-uniformity of 
the AeA thickness. The joint resistances are very sensitive to the alignment of chip 
bumps with substrate pads that some of them are too large to be used in some cases 
[41]. 
However, to our knowledge, there has been no previously reported detailed re-
search into the effects of co-planarity variations. Bad co-planarity AeA packaging 
can be caused by the rotated chip alignment, distorted components and different 
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height pads. There is a research on the effects of gap height on conduction within 
ACA assembly, which explores the effect that compression of the conducting particles 
in ACA assemblies has on the resistance of the joints. This research can be considered 
as one kind of non-planarity, but the spacer foil on the package edge affected the ad-
hesive flow during the bonding and also the metal pieces were used instead of chip or 
electronic components. Co-planarity effects remain one of the most important issues 
to be understood before ACAs can be used in really high volumes for low-cost appli-
cations [6]. Experimental research on the co-planarity variation of ACA assemblies 
will be presented in Chapters 3 and 4. 
2.4.2 Final Bonding 
There are many subsequences happened to the assembly in the final bonding. These 
include resin flowing, particle deformation, resin cure, pressure releasing and cooling 
down. Many research e.g. [40] have been put on the resin flow and thermal mechanical 
process by using Finite Element Analysis (FEA) to find more reliability data of ACA 
assemblies. It has been the subject of many recent studies. 
A. Bonding Force 
Bonding force, bonding temperature and bonding time are the main parameters in 
an ACA assembly process. Bonding force is a significant parameter that affects the 
ACA particle distribution and determines the particle deformation degree, and the 
resulting contact area between the particles and the component pads [42][43][44]. 
Moreover, selection of a suitable bonding force is important to achieve a reliable as-
sembly, because the deformation of the conducting particles affects the reliability of 
the ACA joints [45] [46]. Bonding temperature and bonding time are other critical 
parameters for the ACA joint reliability, since they affect the curing degree of the 
adhesive resin [47][48]. Furthermore, the temperature affects the adhesive flow pro-
cess, consequently determines the thermo-mechanical mechanisms of ACA bonding 
process [38][49]. Therefore, a set of optimum ACA bonding parameters will con-
tribute to high quality and reliable electronics assemblies. Nowadays, computational 
modelling of the ACA assembly process can lead to a better understanding of the 
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assembly process and facilitate establishment of design rules for different applications 
[37][40]. 
The effect of bonding force on the conducting particles with different sizes has 
been studied by Yeung et al. [42]. Finite Element (FE) analysis was used to model 
the transient heat transfer problem and the mechanical influence of the conducting 
particle in the ACF assembly. The result shows that a larger bonding force and 
a smaller particle size would lead to a larger stress concentration which would be 
a preferential site for the crack initiation and propagation. Moreover, the stress 
concentration was located at the edge area especially for the gold coating layer. 
B. Particle Deformation 
In the final assembly process, the deformation degree of the packaging, or particle 
deformation degree, is a very important factor for the joint resistance and the reli-
ability of the connection. Too much deformation may make ACA particles crushed 
and too low deformation may cause large constrict contact resistance. The resistance 
of the contact rises to intermediate levels when the gap height after compression is 
reduced to 80% of the original particle diameter, while open circuit result when the 
particles are compressed to a height less than 66% of their original size. In another 
word, the contact resistance are stable when the particle deformation is between 20% 
to 34% of their original particle size [11]. The most stable values of the deforma-
tion degree was reported for 40% for metal coated particles [50][51]. Research using 
mathematical model of ACA particle assumes that the deformation degree in a safety 
region (30%-60%) has successfully predicated the characteristics of ACA particle 
conduction [12][43]. 
C. Curing Methods 
There are three kinds of curing methods for ACA assembly, thermal curing, UV 
curing and microwave curing. Much of ACA assemblies are finished by thermal curing 
and much of assembly reliability has been tested for thermal curing joint. Recently 
developed UV ACA has been suggested for use in temperature sensitive electronics 
packages. In order to optimize the bonding conditions for fabrication of UV curable 
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ACA, smart card packaging research has been carried out [52][53]. By comparing the 
experimental results in curing degree, shear strength of the ACA joint and the reading 
distance of the smart card samples, a set of parameters which gave better performance 
of the COF bonding were determined. The reliability research has contributed to a 
better understanding of the failure mechanism of ACA joints of the smart card using 
UV curing. 
Microwave heating significantly speeds up the curing process of polymer and 
polymer-based composites. Single mode microwave cured· adhesives for electronics 
packaging application has been developed [54]. Recently theoretical work has studied 
the microwave transmission through the electrically conductive adhesive ECA (includ-
ing ICA and AeA), heat generation and transfer inside the ECA and subsequently the 
microwave heating rate of the ECA. It has been shown that the penetration depth 
of the skin effect in the metal filler is significantly smaller than the one of a bulk 
metal material. The heat generation (microwave power absorption) is negligible in 
the metal filler due to its large electric conductivity [55]. 
D. Flow Analysis of AeA Assembly 
In order to design an optimum process for ACA assembly, or to understand the origin 
of process defects, it is necessary to establish models of the process steps and to study 
how they interact to achieve the final geometry and material properties. One of the 
critical phases in the process is the adhesive flow and how the conductive particles are 
compressed. For the adhesive flow analysis, FE models as well as the computational 
fluid dynamics (CFD) modelling have been used to study this process. The Scott 
equation is commonly used in computational modelling to analyze the compression 
rate and the Newtonian or non-Newtonian flow behaviour of the adhesive. Some 
useful results have been found that there are many parameters affect the flow process 
such as the chip geometry, the chip distortion during the bonding process and the 
temperature gradient which were usually ignored by the early research. The flow 
analysis including the heat conduction during the bonding process with a domain 
geometry has been done successfully using Physica software, the typical work about 
this analysis can be found in the literature of the Loughborough University in the 
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UI< [37], [40]. 
FEM Modelling on flow characteri zation of ACFs was mainly reported by Dudek 
et. al. [3 ]. In this study. the transient temperature analysis shows that the heat im-
mediately spreads over the whole chip. when an ini t ial tempera ture jump is assumed 
a shown in Figure 2.5. The temperat ure at the bottom of the chip reaches almost t he 
upper chuck temperature within a few milliseconds. After 50 ms, the temperature 
at the bottom of the adhesive layer is about 90% of its stationary value. while the 
solu tion becomes almost stationary after 0.5 s. The fully stationary state of an overall 
temperature is reached after about 10 s . Analytical model is shown in Figure 2.6, 
where the investigations are focused the squeezed flow of adhesive occurring in the 
gap underneath one bump. Based on this model and from Navier-Stokes equations, 
a formula is obtained as: 
h{t ) 
x{t ) = xo[-,-], 
~o 
(2.4.1) 
where h{t) = ho - 1f;l t is the height of the gap, V;I is the vertical velocity of the bump 
and assumed as a constant in the modelling [38] although it is not the case in a real 
assembly. This analytical techniques of fluid mechanics are used to predict the flow 
of the conductive particles during bonding, treated as dimension less points embedded 
in a viscous matrix. It a llows to estimate the number of conducting particles on a 
bump of a chip after bonding. 
30 85 140 185 250 Tempcr.lturll (q 
Figure 2.5: Temperature isosurfaces during bonding at different times of the process 
[3 ]. 
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Figure 2.6: Schematic of the analytical model for the squeezing flow investigation 
[38]. 
The influence of viscosity gradients on the particle flow is characterized based on the 
analytical description. The stress development and stress relaxation process within 
the assembly are also investigated by FE modelling. 
Conventional ACF has one layer of adhesive material in the sheet form with ran-
domly distributed particles. But other proposals are known for the development of 
advanced ACF's with a bilayer structure [56]. The conducting particles layer is thin, 
similar to the diameter of the particles, and is made of a high-viscosity thermosetting 
material, in which the particles are arranged as a monolayer. The thick adhesive 
layer consists of a low viscosity pure thermosetting resin. In order to estimate the 
effects of viscosity changing in the flow field, a series of numerical simulations with an 
in-house FE-code for flow and transport problems ("CF2D" see [57] for algorithmical 
issues) has been accomplished. Both non-isothermal and isothermal flow situations 
have been studied. 
Flow process during ACA particle compression was studied by Ogunjimi et al. 
[49]. The compression/flow of the adhesive resin is divided into two distinct steps. 
These are: Type I flow, where the bumps on the substrate of components penetrate 
into the adhesive and the adhesive flows into the gaps between the pads; and Type 
II flow, where all of the space between the pads has been filled and the adhesive 
must then flow out from under the component. A typical situation of the particle 
flow is given in Figure 2.7. Ideally the bond pad sizes and heights and the adhesive 
thickness should be chosen such that Type II flow just occurs, however limitations 
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on the choice of these parameters often result in significant Type II flow being nec-
essary. This study approximated the components as being circular, with a purely 
radial adhesive flow, and used the Scott equation to model the rate of compression 
of the adhesive during Type II flow. Dudek et al. [38] also modelled the adhesive 
compression process analytically using a 2D representation rather than the rotation-
ally symmetric approximation. The 2D approximation of this equation is likely to be 
more approximate for assemblies where the pads have a high length to width ratio, 
such as LCD to flex connections, but less appropriate for more conventionally shaped 
IC pads such as those used in smart card applications. Also the equation neglects 
the effects of shear thinning of the adhesive, which significantly affects the resin flow 
and it can not therefore be safely used for Type II flow if the adhesive resin flow is 
non-Newtonian. 
R 
( ) 
Chip 
II~ 
Substrate Pad 
Figure 2.7: Schematic drawing of the ACA flow during the bonding [49]. 
There have been several other reported studies of modelling on the flow process. 
Mannan et al. [58] modelled the initial stages of ACA joints assembly process and 
predicted the time required to squeeze out the adhesive from beneath the chip with 
the ignoring of the presence of the conducting particles in the adhesive. The Scott 
equation was also used and a non-Newtonian power law model is assumed for the 
adhesive viscosity, the chip is modelled as circular rather than square and the tem-
perature is assumed to ramp up linearly with time. The squeezing time is found to 
be affected by various process parameters and geometry, the chip size may have a 
large effect on process time. In the later report [59], Mannan et al. studied the ACF 
squeezing process using the CFD software package: Fidap 7.52. This CFD modelling 
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has successfully taken into account the detail geometry of the assembly and showed 
the paths taken by infinitesimally small conducting particles. Real conducting parti-
cles of finite size will affect the flow of fluid around them, and hence the CFD models 
will not be able to track the movement of particles exactly, just lead to insight as 
regards the case when the particles are present. It was concluded in this paper that 
the flow out from the centre of the chip will be much weaker than the corners, and the 
central regions of the chip, resulting in enhanced particles numbers in these regions. 
Whalley et al. [37] successfully discussed the effect of heat conduction during the 
flow process for an ACA using Physica software to model a simple domain geometry. 
The results showed that it is important to include non-Newtonian flow behaviour in 
models of an ACF, as the combined effect of shear thinning and a temperature gra-
dient is much higher than for a temperature gradient alone, presumably because the 
reduction in viscosity due to the combined effects of increased temperature and shear 
thinning were sufficient to exceed the effect of the flow being constrained into a much 
thinner layer. Also in another paper [60], the substrate/component distortion during 
processing is predicted with FE modelling. The result shows that the compression of 
the adhesive layer is unlikely to be uniform. 
E. Thermal Mechanical Analysis of AeA Assembly 
Another point interested is the thermal mechanical analysis during the bonding pro-
cess and the relationship between the conductive particle compression and the electri-
cal property. The stress and strain distribution on the particle and I/O pads during 
the bonding process has been reported before. While, owing to the phase change of 
the polymer foil from viscous to solid, the effect of the adhesive matrix on the stress 
generation of conductive particles during the bonding process is normally ignored by 
the early research. Also the heat conduction analysis is neglected in most mechanical 
research. However, a complete analysis of the effect of bump height on the stress 
distribution can be found in the literature of Wu et al. [61]. For the relationship 
between the particle compression and the electrical property, some experimental and 
theoretical results have been reported, the typical work has been done by Yim et al. 
[19] and Wang et al. [62]. 
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The consequence of the bonding pressure during the ACA bonding on the stress 
generation is evident. This stress generation is probably the reason for catastrophic 
failure [10]. Owing to the phase change of the polymer foil from viscous to solid, it 
is a little complicated for this analysis. There have been several reported studies of 
modelling of the assembly process. Most of the literature has neglected the effect of 
the polymer on the stress generation of conductive particles. 
Buratynski [63] modelled the transient heat flows occurring during the curing 
process and the resulting residual stress of following assembly pressure removal and 
cooling. These models provide some extremely valuable insights, but assume that the 
adhesive flow has completely finished and that all of the assembly force is therefore 
carried by the conductor particles before resin curing commences. However, it is likely 
that this assumption is often invalid. Dudek et al. [38] and Chiang et al. [64] have 
also modelled the residual stresses within the assembly after curing, but have made 
the similar assumptions. Dudek et al. demonstrated very clearly how temperature 
gradients significantly affect the adhesive flow, a result supported by the experiment 
results in [65] where the temperature ramp rate was shown to significantly affect the 
process. 
Wu et al. [66] also simulated the stress generation during the bonding process 
using FE modelling, they have found that both for rigid and deformable particles, 
significant stress is built up in the interface between the two contacts, as shown in 
Figure 2.8. They have offered a useful insight of the stress distribution during the 
boning process, but only a very simplified finite element analysis of the problem of 
a particle embedded in a bonding system is used, also the polymer effect on the 
mechanical property is neglected. 
Pinardi et al. [67] and Wu et al. [61] have made a complete analysis on the effect 
of bump height on the stress and strain distribution on the ACF joints during the 
compression process, cooling and thermal cycling test. The results showed that the 
residual stress is larger on rigid substrate than on the flexible substrate after bonding, 
the thermal stress increased with the thickness of the bump, also the bigger volume 
strain is found for higher bump. But in these two papers, the particle is looked as 
infinitely small and ignored in the research. 
In order to provide a first hand approximation and insight of the thermal behaviour 
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a) b) c) 
Figure 2.8: Deforma tion distribution of different part icle systems, (a) rigid system, 
(b) deformable part icle system and (c) fully deformable system [66]. 
of the ACA assembly and ACF film during bonding process, t he actual assembly and 
manufacturing process was simulated by Chiriac et al . [68]. Resul ts from the deta iled 
process modelling indicated that during initial ramping, within 0.02 5, the die and 
nozzle head experienced a small temperature d rop due to t he cooling effect of the 
ACF materi al a nd substrate. T he ACF material also displayed a steep increase in 
temperature after contacting the die, followed by a short decay, then ramped again . 
At the end of t he 10 5 ramping process, t he ACF reached a temperature of almost 
230 °C. During the 5 5 of curing, all part reached teady state in les. t han 2 . 
2.5 AeA Interconnections 
A single ACA connection includes three parts: the component bump, ACA parti cles, 
and t he substra te pad , as schematically shown in Figure l.2. A cross-section profil e 
of an ACA joint including one particle is shown in Figure 2.9, which shows the real 
scale of a ty pical particle in relation to its surrounding joint parts in a typical flip-chip 
applicat ion. Conductive path through t he bump, the single par t icle, and t he pad can 
be di vided into five parts , which can b represented as fi ve independent resistors, 
bump resistance, two contact resistances, pa rt icle resistance, and pad resistance, as 
shown in Figure 2.10 [43]. 
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Particle Bump Pad 
Chip Substrate 
Figure 2.9: A single current path in an ACA joint [13J. 
R bump RcontactlRpartide Rcantact2 Rpad 
Figure 2.10: The five resistances in a DC current path [43J. 
2.5.1 Chip 
Basically, all single chips are made from crystalline silicon wafer. The fundamental 
building blocks in a chip are transistors. Theoretically, wafer scale integration (WSI), 
which builds the entire system or subsystems on a single wafer, is the most ideal 
electronics assembly. However, wafers are usually broken up into individual chips due 
to the poor yield of WSI. The connections that link the functional blocks in the chip 
to other electrical traces are square metal electrodes, which are bumped on the chip 
surface, side by side in daisy-chain pattern. The material used in bumping are AI, Cu, 
Ni and Au. The basic layer in the bump is AI, then Cu or Ni, then Ni/Au coating, 
the A u layer is coated outside to make better mechanical contact and protect the 
bump from oxidizing. Therefore, there is resistance resulted from chip bumps if the 
chip is packaged by ACAs. 
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2.5.2 Contact Area 
There are two kinds of contacts in ACA assemblies as two kinds of ACA particle 
system, rigid and compliant, are considered. In Figure 2.3(a) [33], it is assumed that 
the particle indentation does not change the resistance of the pad metallization. Given 
the indentation depths of .6.1 and .6.2 in the upper and lower metal pads, respectively, 
the resistance of the interconnect with the particle radius r is: 
i r - Ll2 dZ p 2 2 R = -(r-Lld P A = 27rr In [(,1 - 1) (,2 - 1) ] , (2.5.1) 
where p is the particle resistivity, Cl = .6.dr and C2 = .6.2/r. Cl and C2 measure the 
magnitude of deformation in the pad, and can be interpreted as an overall particle 
strain. For small strains, where Cl « 1 and C2 « 1, we have: 
R=Lln(~). 27rr CIC2 (2.5.2) 
For the case where lower and upper pads have the same amount of deformation, 
Cl = C2 = c, and therefore: 
R = ..e.. In (~ - 1) . 
7rr C 
(2.5.3) 
And for the symmetrical and small deformation case: 
(2.5.4) 
In the case of deformable particles Figure 2.3(b), Equations (2.5.1) to (2.5.4) will 
still be valid if .6.1 and .6.2 now represent the particle deformation in the lower and 
upper interfaces, respectively. It should be noted that the cross-sectional area of the 
particles is enlarged due to the Poisson's ratio effect in the compressed conducting 
particles. The extent of this area enlargement depends on the cross-sectional location. 
For the purpose of bulk resistance calculations, it is assumed that area enlargement 
follows an average Poisson's law. The deformed area at the location x becomes: 
A = 7r(r2 _Z2) [1 + V(Cl; c2)f, (2.5.5) 
where v is the Poisson's ratio of the particle. Accordingly, Equation (2.5.1) is modified 
to account for the effect of Poisson's ratio on the resistance, giving: 
R- In --1 --1 P [(2 )(2 )] 
- 27rr [1 + V(OJie2)] 2 Cl C2 . (2.5.6) 
33 
For the symmetrical case, where lower and upper particles are compressed by the 
same amount: 
p (2) R= In --1 11"7'(1 + vc)2 c . (2.5.7) 
Equations (2.5.1) and (2.5.6) depict the closed-form resistance-deformation rela-
tionships for the rigid and the deformable particle systems. Under a deformation-
controlled scheme, these equations can be used to estimate how much deformation is 
required to attain a desirable level of contact resistance. 
2.5.3 Contact Resistance 
The conductive abilities of ACA assemblies are dependent on the pad materials and 
the type of particles that are trapped between the pads. In other word, the materials 
of ACA particles and component parts determine the interface properties of the elec-
trical contact and the extent of particle deformation. In order to provide a concise, 
structured overview of this topic, some detailed conductive models, mathematical 
solutions and research methodologies are presented in this section based on the re-
viewed literature. These models can partially explain the conduction mechanisms for 
an ACA particle, but make a number of important simplifying assumptions. The pre-
diction of electrical contact resistance for ACA assemblies, has also been reported by 
Chin et al. [69]. This study shows that important issues generally not considered in 
existing models are tunnelling resistance, multi-material layers, edge effects, surface 
roughness, elastic recovery and residual forces, contact interaction between nearby 
particles and particle size distribution. 
A. Hertz Contact Stress 
Hertz theory of elastic contact can be used to evaluate the contact between a sphere 
and a flat surface. It has been used to model the contact and reliability of electronic 
interconnections [70], although Hertz equations are only appropriate to small and 
elastic deformations. 
The first satisfactory analysis of the stresses at the contact of two elastic solids is 
due to Hertz [71]. Hertzian contact stress refers to the localized stresses that develop 
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as two curved surfaces come in contact and deform slightly under the imposed loads. 
This amount of deformation is dependent on the elasticity of the material in contact, 
i.e., its modulus of elasticity. It gives the contact stress as a function of the normal 
contact force, the radii of curvature of both bodies and the modulus of elasticity of 
both bodies. In ACA assembly, the formula can be expressed as: 
6PE*2 1 
(J' = ( 1f3R2 )3, (2.5.8) 
where (J' is the contact stress, P is the normal contact force, R is the radius of the 
ACA particle, and E* can be calculated by: 
1 
E* 
(2.5.9) 
where El and E2 are the Young's modulus and VI and V2 are Poisson's ratios of the 
two contact parts respectively. Hertz contact is considered as apparent contact in the 
following Holm's theory. 
B. Holm's Stationary Electrical Contact Theory 
The surface topography of a typical gold coating chip bump, taken by Atomic Force 
Microscope (AFM) (Dimension™ 3100), is shown in Figure 2.11. Even by excellent 
polishing or plating, the micro-topography of such a metal surface cannot be perfectly 
smooth. The contact area between two metal surfaces is therefore not as large as it 
appears because of the asperity of the metal surfaces. 
Holm's stationary electric contact theory [39] is widely recognized as being appli-
cable in this area. The term electric contact means a no-permanent junction between 
two conductors, which is apt to carry electric current and a stationary contact is 
where the two metal conductors are held in contact via an external load. The load 
that presses the contact members together is the mechanical load or simply the load, 
P, or normal force. If the contact members were infinitely hard, the load could not 
bring them to touch each other in more than three points. However since actual 
materials are deformable, the contact points become enlarged into small areas and 
simultaneously new contact points may occur. As shown in Figure 2.12, the sum of 
all these areas and spots is the load bearing area, Ab. The whole covered area is called 
the apparent contact area, Aa, upon which the pressure is finite. Ab can be generated 
35 
Figure 2.11: The surface topography of a gold coated chip bump. 
merely by elastic defo rmation. But, because of the unevenness, the contact members, 
even though they may be nominally Rat, actually touch each other in areas that are 
more or less plastically generated. They then satisfy the following: 
(2.5.10) 
where usually 0.2 < ~ < 1 (~ is a factor afl'ected by the asperity of the metal surface) 
and H i the contact hardness (N /171m2). Ab may be of much smaller magnitude than 
the apparent contact area. 
The contact resistance due to current hav ing to crowd into this restricted contact 
area is known as the constri ction resistance, Rc, which is the consequence of the 
current Aow being constricted th rough the small conducting spots as shown in Figure 
2.12. The term a-spot is usually used for the conducting contact areas, referring to 
the radius a of a circuit contact area. In addi tion to this constrict ion resistance, 
an isulating film between the particles and pads may give rise to an addi t ional fil m 
resistance, RI' The surface Ab usually is partly covered by insulating tarnish fi lms 
and then only a fraction of Ab has metallic or quasi-metallic contact, producing a 
relatively small film resistance because of the tunnelling effect. Thus, the total contact 
res istance, R, is the sum of the constri ction resistance Rc resulted from the two contact 
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Figure 2.12: Apparent contact surface Aa; load-bearing contact area Ab, containing 
insulating spots (shaded) and conducting spots, i.e., a-spots (dotted) [39]. 
members and the film resistance R f : 
(2.5.11) 
C_ Stationary Electrical Contact of ACA Interconnections 
The contacts in an ACA joint are stationary electric contacts, except that they are 
retained by the surrounding cured or solidified polymer instead of external mechanical 
means. Some authors have suggested that the stationary electric contact resistance is 
the major proportion of the whole AeA joint resistance [5] [21]. Liu [5] assumed that 
all particles touching both substrate and component surfaces make electrical contacts, 
then Ab is equivalent to the area of the electrically conducting spot such that: 
(2.5.12) 
where a is equivalent to the area of the electrically conducting spot (Le., the radius 
of the spot formed at the substrate/particle interface) and n is the number of spots. 
If the particle concentration is sufficiently low, then each particle contributes to Rc 
independently and from Holm's theory: 
P Rc = 2(-4 ) 
na 
(2.5.13) 
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where p is the resistivity of the particles. 
In reference [5], it is assumed ~ = 1. By combining Equation (2.5.10), (2.5.12) 
and (2.5.13), it is seen that: 
1 Rc = O.0886p(H/nP)'i (2.5.14) 
From Equation 2.5.14, it can be seen that for a certain particle, if ~ = 1, the contact 
resistance is determined by the normal force, P (per particle). 
As already noted, ACA assembly creates a form of stationary electric contact 
where a non-conductive adhesive maintains the contact force. Kristiansen [72] re-
ported the characterization of such electrical contacts using Holm's contact theory. 
Several factors that may affect the ACA electric contacts were explored in his study. 
The indentation in an isotropic semi-infinite body, produced by a spherical indenter is 
schematically shown in Figure 2.13. The heavy line represents the indentation before 
removal of the force on the indenter ball. The dashed line represents the final remain-
ing deformation in the surface. The space between the two lines represents the elastic 
(load bearing) deformation of the indentation. The stress is most inhomogeneous at 
the rim, and the plastic deformation starts in this area. In this way, the 'mouth' of 
the indentation remains visible. The mouth area 7fa2 is practically equivalent to the 
load bearing area, which means Equation (2.5.10) can be written as: 
(2.5.15) 
However, in a real contact not all the contact spots will experience a stress above 
the yield stress of the material. The total area of the contact spots during pressure 
will therefore be somewhat larger than expected from the contact force. Whereas the 
observable area of indentation after the load has been removed will be smaller. 
a 
~....... - -~ 
Figure 2.13: The indentation in an isotropic semi-infinite body, produced by a spher-
ical indenter [72]. 
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Kristiansen [72] [73] explained the effect of contact films present in the bearing 
area, Ab. In an ACA connection, films of different composition may be present: 
• Pre-tarnish film, which typically is a chemisorbed monolayer of oxygen on the 
metal surface. This can be presented on any types of ACA particles. 
• Tarnish, where one constituent of the film is the matrix metal, as a metal oxide. 
This may be found on Ni and Ag ACA particles. 
• Alien films, comprised of 'foreign' materials such as water, hydrocarbons, etc. 
A thin layer of adhesive may also be trapped in the ACA contact area. 
The thickness of the tarnish film can be a monolayer, a thin protective or passivating 
film, which stops growing at a certain thickness. Other films can grow continuously, 
but diffusion processes will often inhibit their growth rate. The film resistance can 
be controlled by the tunnelling resistance. In such cases, the current will be able to 
penetrate the thin insulating layers by tunnelling due to the wave like properties of the 
electron, however, when the film in the contact area is very thin then the constriction 
resistance, and not the tunnelling resistance, dominates the contact resistance in the 
quasi-metallic contact area. 
The chemisorption of oxygen was also discussed by Kristiansen [72] [73]. Chemisorp-
tion is a more complicated phenomenon, where oxygen is often involved. Initially the 
oxygen molecule may be physisorbed, but within a fraction of a second, the molecule 
is dissociated into atoms which become chemically bonded to the dangling bonds 
on the metal surface. The oxide layer will continue to grow when the bond energy 
between the oxygen and metal represents a larger energy than the sum of the metal-
metal bond and the oxygen-oxygen bond in the oxygen molecule. This results in a 
parabolic rate of oxidation [72]. 
During the curing/setting of the ACA assembly, tarnish films may be broken due 
to the asperity of the contact surface. When one member of the contact is deformed 
plastically, groups of atoms on the surface will be moved relative to each other. The 
result is that the tarnish layer is ruptured, creating spots of bare metal surface [72]. 
Figure 2.14 shows a model of a possible deformation of the oxide. The model shows 
that it is the initial pointed spike that causes the most significant thinning of the oxide, 
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whereas a blunt elevation causes a much smaller reduction in the oxide thickness. 
Blunt 
Figure 2.14: A schematic model of a possible deformation of the oxide [72]. 
D. Stationary Electric Contact Mode l 
Yim et al. [19] derived an analytical model based on Holm 's theory and Her tz's classic 
elastic theory, which describes the interconnection resistance of an ACF in terms of 
sample geomet ry, particle size and applied preSSUl'e. In the model, the constriction 
resistance, Rc n, has been shown to be: 
PI + pz 
Ren = 2d ' (2.5 .16) 
where PI , P2 are the intrinsic resistivity of the metal conductive particles and substrate 
respectively, and d is the diameter of the contact spot a rea [39]. The magnitude of the 
deformation for a given pressure is determined by the number, the contact hardness 
and the diameter of the conductive part icles. In considering these factors, the radius of 
the contact area between conductive particles, with number of n, and a fiat substrate 
under an applied fo rce F, can be obtained using elasticity theory [71]: 
= (3FD)I /3 
a n8E' ' (2.5.l7) 
where D is the diameter of CUl'vature of conductive particles and E ' is the elastic mod-
ulus. Substi t ut ing Equation (2.5.17) into Equa tion (2. 5.16), we get the constr.iction 
resistance [19]: 
nE' 1/ 3 
Rc n(e/astic) = O.347(PI + pz ) (F D) (2.5 .18) 
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The behaviour of the contacts in an ACA assembly was studied in a similar way 
by Chiang et al. [64]. Figure 2.12-b shows the surface contact mechanism and the 
electrical behaviour of metal to metal stationary contact. The a-spots instead of the 
entire nominal contact surface constrict the electrical current between these two ob-
jects. Since the conductive particles in an ACA assembly are very small (diameter of 
around 5 pm), one approach that has been used is to assume that each of the conduc-
tive metal particles can be treated as an a-spot. Therefore, after considering classic 
elastic theory, the constriction resistance is the same as in Equation 2.5.18, which 
indicates that the electrical resistance can be estimated if the material properties of 
the two contact bodies, the contact pressure and the radius of the deformed surface 
are known. 
Two kinds of ACA contact conduction, single-particle conduction and multiple-
particle conduction, were studied by Shi et al. for solid particles [20] . 
• Single-particle conduction 
If a single particle is placed between two conductors as shown in Figure 2.9, the 
total resistance of the system can be written as (see Figure 2.10): 
R = R bump + Rcantact + Rparticle + Rcantact + Rpad (2.5.19) 
Shi et. al. extended this to: 
(2.5.20) 
where R,n, and Rpb are the two constriction resistances of the plates, Rcu and Rcb are 
the constriction resistances between the plates and the particle, Elt" and Rtb are the 
tunnelling resistances, and Rblk is the bulk resistance of the particle. Both the upper 
and lower conductors can be considered to be circular, with finite diameters of b" and 
bb, respectively. The equipotential surfaces around each plate are then hemispherical, 
with the centre being the centre of the plate. The current flows radially, normal to 
the equipotential surfaces as schematically shown in Figure 2.15. The constriction 
resistance of R,n, is then readily given by: 
(2.5.21) 
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Conducting material Equipotentiallines 
I 
Aperture plate 
Figure 2.15: Schematic for the calculation of the constriction resistance of a conduct-
ing plate of finite size [20J. 
and similarly: 
P 
Rpb = 27rbb' 
In a similar way, the constriction resistance of the contact is given by: 
lbuPd~ P(1 1) Rcu = TU 27re = 27r Tu - bu ' 
(2.5.22) 
(2.5.23) 
where Tu is the radius of the contact between the particle and the upper plate. Sim-
ilarly, the constriction resistance of the contact between the particle and the lower 
plate is: 
(2.5.24) 
where Tb is the contact radius. 
Using Figure 2.16 as a reference, one can obtain the bulk resistance of the particle 
Rb1k : 
(2.5.25) 
where: 
K( ) -1 [(T + VT2 - T~)(T + VT2 - T~)l r,ru,rb - n . (T - VT2 - T~)(T - VT2 - T~) (2.5.26) 
By substituting Equations (2.5.21)-(2.5.26) into Equation (2.5.20), the total resistance 
of a single-particle system can be written as: 
R - -L .--L R R pK(T, Tu, Tb) 
-2 +2 + tu+ tb+ 2 . 
7rT u 7rTb 7rT (2.5.27) 
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Ru 
Rb 
Figure 2.16: Schematic for the calculation of the bulk resistance of a particle [20] . 
• Multiple-particle conduction 
When multiple particles are placed between the conducting plates, as schematically 
illustrated in Figure 2.17, the total resistance for all the particles placed between the 
plates R2 can be obtained by using the fact that the particles are arranged in parallel. 
I 
Serial network Parallel network 
ro 2h 
Figure 2.17: Schematic of electrical conduction when multiple particles are placed 
between the plates [20]. 
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Hence 1/ R2 = L, 1/ Rh where RI is a sum of the constriction resistance and the 
tunnelling resistance of an isolated particle. On the other hand, the resistance of the 
entire system, R, is given by R = R2 + Rp" + Rpb, since the particles and the plates 
are arranged in series. In a similar way to that for single particle conduction, Shi et 
al. [20] calculated the total resistance of the entire system. It can be expressed as: 
N 
[" 1 ]-1 P P R= L..-J- +-+-
. Rli 27rb" 27rbb 
• • 
(2.5.28) 
To sum up, the electric contact models reviewed here are proposed to explain the 
resistance of the stationary contacts in AeA joints, and they are all based on the 
assumption that the a - spot is equal to the whole apparent contact area, which is 
different from Holm's theory, where the total a - spot area is much smaller than the 
apparent contact area. Such discussion can be found in reference [17][74]. There is 
insufficient experimental data in the literature to conclusively demonstrate whether 
this approach is adequate, but there is some evidence to suggest that in practice the 
resistances are higher [21][74]. 
2.5.4 Particle Resistance 
Miiiittiinen [44] calculated the particle resistance as a function of particle deformation 
degree using a conduction model. 
Starting from Ohm's law, the resistance of a conductor, Rp, is given by: 
(2.5.29) 
where, p is the resistivity of the metal coating, I is the length of the conductor and 
A is the cross sectional area of the conductor. 
The degree of deformation, Defarmpercent, is described by the formula: 
Deform percent = 100 [1- (!)], (2.5.30) 
where h is the distance between the contact surfaces and r is the undeformed radius 
of the metal coating polymer particle. 
If it is assumed that the area of the metal coating remains constant during the 
deformation, the following results can be derived from the geometry as shown in 
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Figure 2.18. The area of the spherical cap forms the metallic contact area of the 
particle and, therefore, the metallic contact area, A, is given by: 
And the length of the conductor, I, is given by: 
1= 7rh 2 . 
Figure 2.18: Deformation model of the particle [44]. 
(2.5.31) 
(2.5.32) 
I 
The average cross sectional area of the current is the average area of the thin 
metal 'rings' around the polymer particle (Figure 2.18). Because the resistance is 
inversely proportional to the cross sectional area of the conductor, the average area 
can be calculated as follows: 
(T) = Jo¥ ;~t~~osa = -+-In tan[~ (1+!:) l, 
A Jo4rds 7rht 4 2r (2.5.33) 
where R = rcos(a) (Figure 2.18), B = ra, dB = rda and t is the thickness of the 
metal layer on the particle. 
Since there is spherical symmetry, an approximation can be made and the problem 
is solved using Ohm's law and the formula for the resistance of the deformed particle, 
Rp, is written as follows: 
7rh ( I ) P [7r ( h 1 Rp = p- A = -In tan - 1 + -) . 2 7rt 4 2r (2.5.34) 
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An important observation that can be made from this is that the resistance is inde-
pendent of the particle size, but depends on the resistivity of the particle (p), the 
thickness of metal layer (t) and the degree of deformation (h/2r). 
For the solid metal particle the following approximate formula can be used [75]: 
Rp = .!!....In(~ -1) = .!!....In(1 + ~), 
7rr c 7rr 1--2r 
(2.5.35) 
where c is the average degree of deformation. 
It can be seen from Equation 2.5.35 that for a solid particle the resistance increases 
when the particle size becomes smaller. The pressure does not affect the degree of 
deformation of hard particles, for example nickel, as much as for softer particles 
like gold or silver. The main results obtained from Formulas 2.5.34 and 2.5.35 are 
presented in Figure 2.19, where the particle size is lOJ1.m. Figure 2.19 shows the large 
difference in particle resistance between the Au/ Ni coating particle and the solid 
metal. In conclusion, the thickness of the metal coating has a direct influence on the 
resistance. This means that there is a large difference, depending on particle type, in 
the number of particles estimated to be needed for a good contact. Solid gold and 
silver particles give a much smaller resistance compared to the nickel coating polymer 
particle. 
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Figure 2.19: Predicted particle resistance for different degree of deformation (a) for 
Au/Ni-polymer with various metal thicknesses, (b) for solid metal particles [44]. 
Another model for the electrical conduction characteristics of metal coating AeA 
particles, was derived by Dou et al. [43]. According to the numerical solutions, the 
greater the level of particle deformation, the thicker the metal coating layer and the 
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greater the re 'in diameter, the lower the particle resistance is. It was shown that the 
AeA particle resistance is determined by the particle defo rmation and the particle 
geometries. however it is more sensitive to the deformation degree and the nickel layer 
thickness than the resin diameter and the gold layer thickness. 
An Ae A particle, consisting of a nickel layer, a gold layer and a reSIn core, IS 
shown schematicaJly in F igure 2.20. The particle resistance can be considered as 
being the resistance of the Ni layer in parallel with the Au layer: 
1 
~flrticle 
1 1 
-;::-- + --. 
R -nickel R ,qold 
(2.5.36) 
The resistance of a single AeA particle is a multi-parameter function , I. e. it is a 
fUllction of resin sphere diameter d, deformat ion degree k, nickel layer thickness t1 
and gold layer th ickness t 2' During the deformation process, if the particle volume is 
not changed, hence the original resin sphere volume V sphe,.e is equal to the deformed 
resin solid volume Vdejonned: 
4 d 3 ~leformed = Vsphere = 31T ( '2 ) . 
(~ 
-, ~ . 
.. :. 
Nic lcaL Lays.,. 
a) b) 
Figure 2.20: An AeA particle ancl its connection [43]. 
(2.5.37) 
By Applying mathematics on the geometry of the deformed particle, an equation 
fo r R(k, d) is obtained: 
R(k d) = -37r(1 - kf 
, 24 (1 - k) 
J [37r(1- k)2d2J2 - 48(1 - k) [2(1 - k)3c£2 - 2d2] 
+ ( . 24 1 - k) (2. 5.38) 
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For the particle, resin coated with nickel layer and gold layer, the nickel layer is 
schematically shown in Figure 2.21. In the z direction. the increment in elec trical 
resistance dR* over a distance dz is given by: 
where 
S* 
dz 
dR* = dz 
uS*' 
nickel conductivity, (mOt l ; 
ringlike reo'ion area or circle area 11m 2 . o ) r l 
the height of the integral unit , ""?n. 
z=z*+ dz 
:--7-----, z = z * 
z= O 
Figure 2.21: Deformed nickel layer of an AeA particle [431. 
Fo)' -(~ + t l ) ::; z ::; +(~ + t l ), the resistance of t he Ni layer is: 
I 2 2 10+% 
Rnickel(k , d, t l ) = R nickel + R nickel = -
U7r. 0 
dz 
(2.5.39) 
(2.5.40) 
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Similarly, the Au layer resistance can be obtained: 
[J(~ + tl + t2)2 - (Z)2 + R] 2 - [J(~ + tIl2 _ (Z)2 + R] 2 
2 1+(~+h+t2) dz 
+- 2' 
(nr +( ~+tl) [ J (~ + tl + t2)2 - Z2 + R 1 (2.5.41) 
Substituting Equation (2.5.40) and Equation (2.5.41) into Equation (2.5.36), we 
obtain the total particle resistance: 
1 
Rparticle(k, d, tJ, t2) = [Rn. (k d t )] 1 [ (d )] l' 
.ekel , , 1 + Rgold k, , tJ, t2 -
(2.5.42) 
By using same method, the electrical conduction of solid ACA particle was also 
studied by Dou et al. [12]. The paper presented the method to calculate the contact 
area and electrical resistance of a solid metal conductor particle as a function of the 
particle diameter and deformation degree. The formula can be described in Equation: 
(2.5.43) 
It suggested that the degree of particle deformation has a greater affect than the 
particle diameter on the particle resistance. The larger the conductor particle is, the 
lower the particle resistance is. However, if the particle diameter is more than 10 
p,m, it does not significantly affect the particle resistance at any acceptable degree of 
particle deformation. 
2.5.5 Substrate 
Substrates are designed as a bridge to interconnect chips and the functional cir-
cuits. There are many kinds of substrates available in the market, such as PCB 
(organic/ceramic), ITO coated glass, and FPC. Compared with widely used PCBs in 
flip chip bondings, ITO coated glass and FPC are well suitable for ACA assemblies. 
ACAs can be used on several kinds of substrates, such as glass substrate, flex sub-
strate, ceramic substrate and organic substrate. They are widely used in high density 
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LCD's, surface mount leaded devices and flip chip attach. The conductivity and 
yield of ACA assemblies using ceramic substrate and organic substrate were previ-
ously studied[76][77]. It suggested that the optimum process conditions and adhesive 
material choice are important for using these substrates. Glass substrate is idea for 
ACA packaging as glass substrate is flat. A review of the use on the glass substrate 
has been done earlier [7S]. Flex substrate is flexible material that is widely used to 
connect LCD to LCD drive chips. Such assembly needs dedicated machine to align 
and cure special ACFs accurately. Most experiment research using flex substrate can 
be found in the literature of Department of Electrical Engineering, City University 
Hong Kong, e.g. [79]. Ceramic substrate and organic substrate were studied by Ogun-
jimi et al. [SO]. In this study, uniform conductivity and high yield are more readily 
obtained with ceramic substrate than the organic substrate, however, improvements 
to the organic substrate pad geometries may increase substrate performance. Bump-
less substrate can also be applied in ACA assembly due to the flat surface of the Ai 
surface. Bumpless die has been tested to have high performance after considering 
the influence of bonding pressure, bonding temperature and humidity on the adhe-
sion strength of bumpless die (aluminium surface) with two kinds of Anisotropically 
Conductive Films (ACFs) [SI]. Strength between the ACFs and aluminium is not 
affected seriously by bonding pressure but it increases when bonding temperature 
increases. In addition, the oxidation reaction can provide a fresh rougher surface that 
may enhance adhesion strength. 
Different kinds of pads and circuit traces can be found from different types of 
substrates. There is no metal pads or metal circuit traces on ITO substrate. The 
metal pads and circuit traces are found on PCB and FPC. The material used in the 
pads/traces are Cu or Ni and Au. The basic layers in a typical pad/trace are Cu 
or Ni, then Ni/Au or Au coating, the Au layer is coated outside to make better 
mechanical contact and protect the bump from oxidizing. 
2.6 Reliability of AeA Assembly 
Reliability of electronics packaging is a big issue that needs more research to make 
electronics production more reliable. Reliability in ACA assembly has been a big 
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challenge to use it to replace traditional soldering. The moisture effect on ACA pack-
aging has been taken as a main reliability mechanism. Besides moisture, there are 
some other factors that affect ACA assembly reliability. The effects of bump height 
on the reliability of ACF in flip-chip was studied by Wu [61]. The high stress level 
in the ACF was found at the position in contact with the top edge of the copper 
pad, which may be a favourable site for crack initiation and propagation. Impact of 
temperature excursion is one of the failure mechanism of ACF packages [82]. From 
failure initiation point of view, the response of ACF packages to environmental (tem-
perature and humidity) exposure is very different from standard underfilled packages. 
These difference cause the ACF package to fail in different ways from an underfilled 
packages. 
Electrical opening and bridging between component pads are another issues that 
have been modelled [29]. As ACA particles are randomly distributed in the adhesive, 
there is possibility that no particles are trapped in the component joint. Williams et 
al. [29] tried to estimate this possibility assuming that particle distribution charged 
by Poisson distribution theory. Bridging is also possible because there are too many 
particles in the fine pitch gaps [83]. In this study, ACA particle volume fraction range 
is determined using statistical model, generally used for commercial ACA manufac-
turing nowadays. 
2.6.1 Modelling of the Moisture of AeA assembly 
Moisture induced failure is an important issue with ACF material. A lot of experimen-
tal works have been done. But few literatures were published based on the modelling 
work. It is an important reliability issue before and after electronic productions are 
under service. 
The diffusion of moisture into a material can be described by Fick's Law. That 
is, the process is governed by the following differential equation [84]-[85]: 
where D is the coefficient of moisture diffusion (mm2/s). 
tration (g/mm3 ). 
(2.6.1) 
C is the moisture concen-
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However, unlike heat flux, which is continuous in nature, moisture diffusion poses 
a new challenge in that the concentration is discontinuous across a bi-material inter-
face. Significant moisture diffusion may also take place along the interface between 
materials. A new variable that could enforce field continuity is required for modelling 
of moisture diffusion in a multi-material system such as IC packaging. 
Wetness fraction approach [84]-[86] was introduced to remove this discontinuity 
due to the different saturated concentration of different materials that is: 
W = G/G.at (2.6.2) 
where W =wetness faction and Gsat =saturated concentration of moisture in the 
body. Then, we can get the Equation 
(2.6.3) 
In the presence of moisture and changes in temperature, hygroscopic stresses and 
thermal-induced stresses are generated due to the mismatches in coefficient of material 
moisture expansion (CME) and thermal expansion (CTE) [86]. Both kinds of stresses 
within the package can be determined through the following governing Equation [87]. 
l+v v 
Cij = -yaij - EakkOij + (aAT + (3G)Oij (2.6.4) 
where (3 stands for CME, a for CTE, AT for temperature change, G for moisture 
concentrations and E and v for material's modulus and passion ratio respectively. 
Zhou et al. [87] has studied the moisture diffusion and moisture induced stress 
inside ACF assembly under 121GlOORH2atm condition. The three-dimensional tran-
sit moisture diffusion model was built up and the moisture gain versus the time was 
drawn. A two-dimensional model for performing stresses analysis was also created. 
The stress pattern in the vicinity of joint showed that the stress are high along the 
interface between the ACF and metal joints (bump and copper pads) where crack has 
high chances to initiate. 
Caers et al. [88] has studied the moisture induced failures under 85G/85%RH 
condition using experimental and modelling methods. The two-dimensional model of 
the moisture ingress is illustrated and shows that the adhesive can be fully saturated 
with moisture after 1.5 hours at such condition. 
52 
Moisture absorption in uncured underfilled materials was reported by Lou et al. 
[89] recently. In their study, the influence of absorbed moisture on curing properties, 
thermomechanical property, and adhesion property of underfill after curing has been 
investigated. The absorbed moisture can catalyze the curing reaction between acid 
anhydride and epoxy. The glass transition temperature of the cured samples is re-
duced after the underfill absorbs the moisture before curing. The adhesion strength 
decreases dramatically after the underfill absorbs the moisture before curing. Should 
the same problem happen in ACA assembly? More research needs to be done in this 
area. 
Moisture-induced ACF swelling and delamination was reported as the major cause 
of ACF swelling and delamination by Mercado et al. [82]. The simulation results 
showed that, with moisture absorption, the loading condition at the interface is 
tensile-dominant, which corresponds to lower interface toughness (or fracture re-
sistance). This condition is more prone to interface delamination. Therefore, the 
reliability of ACF packages is highly dependent on the ACF materials. The paper 
suggests a new approach toward material selection for reliable ACF packages. This 
approach has very good correlation with experimental results and reliability testing 
of various ACF materials. 
2.6.2 Reflow Process Effects on the Reliability of ACF Inter-
connections 
Owing to the respective advantages of the ACF and traditional soldering technologies, 
there is an increasing demand to use these two interconnection technologies together. 
The electronics manufacturing industry is very interested in firstly using ACF ma-
terials to achieve high accuracy for fine pitch placement of devices, and then to use 
standard solder reflow to interconnect other components. This approach would allow 
the advantages of both technologies to be exploited. However, the ability of ACFs to 
survive the solder reflow has been a major concern in this combination process [90]. 
Yin et al. [91]-[93] has studied the effect of the solder reflow process on the 
reliability of ACF interconnections based on experimental and modelling results. In 
the experiments, the contact resistance has been used as the criterion to evaluate 
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the reliability performance of ACF joints. It was found that the subsequent reflow 
process has a significant effect on the reliability of ACF joints. The contact resistance 
was found to increase up to 40 percent after the subsequent reflow process, and the 
magnitude of this increase was strongly correlated to the peak temperature of the 
reflow profile. Modelling results has shown that due to the CTE mismatch between the 
materials in the ACF flip chips, the stresse at the interface between the particle and its 
surrounding materials is significant and is highest at the interface between the particle 
and the adhesive matrix , this interfacial stress could release the contact pressure 
caused by the elastic/plastic deformation of the particles during the bonding process 
and cause the loss of contact area between the conductive particles and metallisations. 
The limitation of this research work is the assumption of stress free at the beginning 
of the modelling analysis, which means the residual stress created during the flip 
bonding process has been ignored, also only elastic property of ACF material was 
considered in this research. 
Yeung et al. [94] has studied the effect of voids in the ACF assembly during 
the subsequent refiow process. The results showed that different refiow profiles and 
location of voids could affect the stress level and hence the reliability of ACF in 
flip chip assembly. The suggestion is the more to minimize the number and size of 
the voids inside the ACF, the more to maximize the mechanical strength of ACF 
assembly. 
2.7 Current Challenges and Thesis Tasks 
ACAs have been widely used in modern electronics packaging, especially portable 
devices and high resolution LCDs. However, there are still challenges to overcome 
the co-planarity variation in the packaging and to investigate the mechanical and 
electrical characterisation of individual ACA particles undergoing deformation. 
Locking in the correct deformation degree of the conductive particles to produce 
highly conductive joints is an essential factor in achieving reliable ACA assemblies. 
The contacts in the joints are similar in nature to the stationary contacts present in 
separable electrical connectors, but in an ACA the normal force is maintained by the 
cured adhesive resin rather than by external mechanical means. Although the complex 
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effects of the mechanical contact on the stationary contact resistance between the 
pads and the particles have been briefly addressed in a number of papers [17]-[22], no 
systematic understanding of these effects has been achieved. There are still significant 
gaps in the existing understanding of other factors governing the achievement of 
stable and low resistance interconnections in an AeA assembly. As far as electrical 
conduction is concerned, the complex behaviour of stationary electric contacts is 
very different to metallurgical bonds, such as solder joints, especially at such small 
scales, and is one of the main drawbacks to the use of AeA bonding. Therefore, 
mechanical and electrical characterisation of individual AeA particles undergoing 
deformation are currently challenges in achieving fundamental understanding of AeA 
assemblies. These have therefore been identified as the main topics for my Ph.D. 
research presented in this thesis. 
It is difficult to measure the deformation of individual AeA particles due to their 
small size and the roughness of the contact area. When considering the function of the 
particles, two kinds of deformation properties can be identified, Le. micro properties 
and macro properties. Micro properties relate to the hardness of the materials con-
stituting the AeA particles, Le. the particle micro mechanical properties, whilst the 
macro properties relate to deformation properties of the whole particle [16]. Previous 
research on the micro-properties using a nano-indenter on cross-sections of AeA sam-
ples assembled at different pressures showed that AeA particle deformation resulted 
in a reduction in hardness of the polymer core with increasing particle deformation. 
It also showed that the particle hardness after assembly varied within the particle, 
due to the non-uniform plastic strain within the particles [95]. The macro-properties 
of the AeA particles are critical to the AeA material performance, because they de-
termine how the particle deforms and the resulting contact forces with it. However, 
little research has been conducted into the macro properties of AeA particle deforma-
tion, especially for a single particle e.g. [96]. The reason for this is that the particles 
are too small to be deformed in normal material testing machines and are also very 
fragile. Experiments on an individual AeA particle have been conducted [96]. In this 
experiment, the load versus deformation behaviour was partially measured, however 
only a modest level of deformation was achieved due to the use of a large punch with 
a 100 Mm square flat tip, Le. about 400 times the area of the particles tested. This 
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resulted in the deformation being insufficient to allow the crushing behaviour to be 
measured. However, these measurement of the deformation properties of individual 
AeA particles were achieved in this research due to the use of a smaller, specially 
prepared punch. 
Measurement of the electrical resistance of individual ACA particles undergoing 
deformation is another challenge of this research. Many supporting experiments have 
been performed in order to measure the resistances of AeA joints, but these exper-
iments are generally not able to measure individual particle resistances to support 
the models reviewed in this report. The measurement of the resistance of a single 
AeA particle for different degrees of the particle deformation will be a significant part 
of this thesis. Undertaking such an experiment for an individual particle is an big 
challenge. Furthermore, accurate measurement of the resistance during the particle 
deformation process is hard to achieve. 
The mechanical joints of ACA assemblies are affected by the surface planarity 
between the joint components. Therefore, the co-planarity effects on an AeA as-
sembly due to component or substrate planarity and packaging accuracy are another 
important issue that requires further study. This challenge was introduced by Liu 
[10]. Research about co-planarity issue in AeA packagings will be reported in this 
thesis. 
Chapter 3 
Experiments on Co-planarity 
Effects on Anisotropic Conductive 
Adhesive Assemblies 
3.1 Introduction 
This chapter is committed to investigating how co-planarity variations affect the 
joints in an AeA assembly. This issue isn't easy to investigate because the individual 
connections are in micro scale. Therefore, carefully designed experiments are needed. 
That is why an experiment deliberately introducing co-planarity variations into AeA 
assemblies was introduced. 
The AeA assembly process is very different from soldering, since the adhesive does 
not generate surface tension forces to drive the self-alignment process that allows mis-
placed chips to be pulled into the correct position relative to the substrate electrodes 
in soldering. Therefore, it is possible to investigate the effects of co-planarity variation 
on conduction in AeA assemblies by rotating the chip plane relative to the substrate 
plane, and then thermally locking/curing these rotations in place. The purpose of 
this study was to understand the possible effects of non-uniform bond thickness due 
to non-planarity of the component or substrate terminations on the joint resistances 
in AeA assemblies. There were two kinds of chip rotations as, for a rectangular chip, 
rotation along the long chip side and rotation along the short chip side have differ-
ent effects. These were called et-rotation and ,B-rotation respectively in this study. 
At the end, the bonding force distribution between the individual AeA particles is 
qualitatively analyzed. 
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3.2 Materials 
Bare Si chips with Au coated Ni bumps together with FPCs were used in these 
experiments. The component bumps and pads used in ACA assembly were planar 
array leads, which are extending from the components, all lying in the same plane for 
surface mount applications [97]. The chips and the FPC substrates were designed by 
City University of Hong Kong [98], and the chips were made by Hong Kong University 
of Science and Technology [99] and FPCs were manufactured by Compass Technology 
Company Limited [100]. 
3.2.1 Chips 
The chips used in these experiments were dummy components with no active circuitry. 
An interconnected bump pattern was designed to allow measurement of the electrical 
resistance of individual joints once assembled using an ACA. The specifications for 
the chips used in this study are listed in Table 3.1. The width and length of the chip 
bump are shown in Figure 3.1. The bump pitch is the distance from one bump centre 
to the adjacent bump centre, and the bump spacing refers to the gap between each 
adjacent bumps as shown in the figure. The chips used in this research were bumped 
along their four sides as shown in Figure 3.2. The bumps on the long sides of the 
chip were interconnected so that the joint resistance of some of the ACA joints coulcd 
be measured using the FWR measurement. This bump pattern on the chips couples 
with the pad pattern on the substrates. The bumps are in groups of five, in which 
three bumps are connected and the other two are not, as shown in the figure. One 
bump in each group is used to make FWR measurement and the unconnected bumps 
are for short circuit detection, and were not used in this experiment. 
Table 3.1: Specifications of the Dummy Chip 
I Materials I Thickness I Length I Width I Pitch I Spacing I 
Unit --- (JLm) (JLm) (JLm) (JLm) (JLm) 
Chip Silicon 500 11000 3100 --- ---
Bump Ni 4 70 50 70 20 
Coating Au 0.4 - 0.5 --- --- --- ---
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Spacing (20) 
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Figure 3.1: Pitch and spacing. 
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Figure 3.2: Chip pattern. 
There are also two small chip alignment ma rks as shown in the figure, which are used 
to help align the chip to the substrate. 
3.2 .2 Substrates 
The FPC substrates, 25 um in thicknesses, were specially manufactu red for the FWR 
measurement from a Upilex laminate. The specification provided by the manufacture 
is summarized in Table 3.2. The Upilex material is made from high temperature 
resistance polyimide film, so that it can survive the solder reRow process when soldered 
components are al 0 required to be packaged on the substrate. 
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Table 3.2: Specification of Flex Substrate 
I /VI atel'ials I Thickness I Length I W idth Spacing 
Unit --- (/"m) I'm) (I'm) (I'm) 
Fl ex Upi lex 25 37500 37500 -- -
T"ace Cu/Ni / Au 16.5 --- 20 - 25 25 - 30 
Pad Cu/ Ni / Au 16.5 70 50 20 
Ni Coating Ni 'I - 5 --- - -- ---
Au Coating At! 0.4 - 0.5 --- - -- ---
Note: I UpIiex: HIgh temperature resIstant poiylmlde him I 
The layout of the substrate pattern is as shown in Figure 3.3. The metal pads 
on the substrate are about 16.5 {!m in height, which consists of a Cu layer, a Ni 
layer and a Au layer. The metal traces including pads on the substrate were specia lly 
designed to match the chip's bump pattern , in order to achieve the measurement of 
elect ri cal resistance of some of the AeA joints. There are two substrate a lignment 
marks and two small chip alignment marks on the substrate, as shown in the figure. 
The subst rate alignment marks were used to help align the substrate on the ba. e 
stage of the bonding machine, and the chip align marks were u ed to help a lign the 
chip onto the substrate. 
3.2.3 FWR Measurement 
After a ll the samples were bonded, they were tested by the micro-ohmmeter used 
FWR measurement. A schematic of a joint group for FWR measurement is shown in 
Figure 3.4 , where only the joint designed for FWR measurement was tested. Trace 1 
and 2 wer connected to the voltage sense input of the micro-ohmmeter, wher trace 
2 was connected with the HI terminal. Trace 4 and 5 were connected to the current 
source of the micro-ohmmeter, where trace 5 was connected to the HI terminal. In 
the test, the elect rical current flowed from the t race 5 to the trace 4 as the arrows 
illustrate, the voltage was measured by the sensor through trace 2 and 1. Due to 
this specially designed circuit , ther was no trace resistance introduced in these ex-
periments, only the pad , the bump and the deformed particles contributed to the 
measured value of the joint re istance. This joint resistance can be divided into 5 
parts, as shown in Figure 2.10. 
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Figure 3.3: Substrate pattern. 
Desinged for FWR measurement 
Substrate pad 
LO HI LO HI 
Sense 
Micro-ohmmeter 
Figure 3.4: 5 joints for FPP measurement. 
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3.2.4 ACF 
A commercial ACF, 80ny FP1508E, was used to assembly the bare chip onto the flex 
sllbstrate. 80ny FP1508E is a product developed for fine pitch COF packaging. It 
is designed with a binder which improves the chamcteristic to the reflow condition 
to assume lead free mounting of capacitors and resistors after the chip is mounted 
further. The structure of the ACF material and the conducti ng particle is shown 
in Figure 3.5 . Its specifications are listed in Table 3.3. There is a cover film and 
separator on each sides of the film as shown in the figure. This ACA is thermosetting 
adhesive, with the compliant polymer cored cond uctive particles randomly dispersed . 
This particle resulted in a particle density on the pads of about 5000 per mm2 The 
cover film and the separators a re made of PET (Polyethylene Terephthalate) plastics, 
which a re generally clear, tough, and a good barrier to gas and moisture, and have 
a good resistance to heat. They protect the covered adhesive from moisturizing and 
can survive during the pre-bonding process. 
Cover Film 
~~~t--ACF 
Separator 
Resin Particle 
Ni/Au Coating 
Insulating Layer 
Figure 3.5: ACA-configurat ion. 
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Table 3.3: Specifications of Sony FP1508E 
Mate7'ials Thickness Density 
Uni t - -- (J.l711) (711i ll ion/711711J ) 
CoveT film TrcmspaTent PET 25 -- -
Aelhesives Ther'moset polymeT 35 ---
PaTticle Resin + Ni / A1qJlating + insulateel </>3.5 3.5 
S epe7'ato7' White PET 50 - --
Note: PET :Polyethylene Terephthalate 
3.3 Apparatus 
ACA assembly of fine pitch devices r quires a speciali ed bonding machine due to 
the fine placement tolerances and the pccific bonding force and time/ temperature 
requirements. Two flip chip bonding machines, a Karl Sus 9493 \i[auren and a Toray 
(FC1200-2k-#95) were used for pre-bonding and final bonding respectively as shows 
in F igure 3.6. T he bonding parameter ' used a re summarized in Table 3.4, which were 
selected according to the ACF manufacturer specifications. 
a) Karl Suss 9493 Mauren b) Toray FC I200-2k-#95 
Figure 3.6: Assembly machines. 
The Karl Suss bonding machine is good for pre-bonding, smce it is a simple 
machine without automatic control alignment , but unsuitable for the final-bonding. 
In the Toray machine that was used for fina l-bonding, there a re twin stages with 
a high precision optical aEgnment .. ystem, where the alignment accuracy is ± 2 ,Im 
along the chip sides. The chip pia ment head i schematicaliy shown in Figure 3.7. 
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Table 3.4: Bonding Parameters for the ACA Assembly 
P ToceS8 I T em1JeTatuTe I P TeSSUT e I T ime I 
---
(OC) (MPa ) (8) 
P ,'e - bonding 80 10 5 
Final - bonding 180 100 15 
Basically, there are the high accurate heating block on the head, vacuum devices and 
a ceramic attachment . In the experiment , the ceramic at tachment was sucked on th 
nozzle head, then the chip was vacuumed on the ceramic a ttachment to achieve high-
speed temperature profile and fine pressure control fo r various bonding conditions 
application. For the experiments here, t he head va.cuumed on the nozzle was tilted in 
certain angle before the bonding, for example 1 x 10- 4 Tad in each rotation increment. 
Thus the chips rotated in different degree can be cured in the fin a.l assembly. The 
rotation of the chip head is t hought to be accurate without any play or deflection 
during the boning. 
Nozzle 
Vacuum 
Heating block ~~....::....---.:y l>-.-::.-..::.....~ 
iz:L::Z:«"~~~"~~~2-- Ceramic attachment 
Chip 
Figure 3.7: Chip placement head. 
In order to measure the electrical resistance of individual ACA joints accurately by 
the method of FWR measurement , a Keithley 580 Micro-ohmmeter was used in these 
exp -riments. This meter also provides correction for the effects of any thermoelectric 
electromotive forces (EMFs) on the measurement. 
64 
3.4 Non-planarity III AeA Assemblies 
3.4.1 Sources of non-cop lanarity 
In th is research on ACA assemblies, co-planari ty refers to the uniformity of bond 
line thickness. Co- pla.narity issues in an ACA assembly are complex, 'ince there are 
many factors that can cause poor planarity connections. such as manufacture errors 
and assembly faults. In this section, fi ve sourc s of non-coplanarity will be discussed 
as the pads on the components not lying in the same plane, the variation of pad 
height, the roughness finish of the pads on the components, the distortion of the 
components. and the incorrect al ignment . 
A. Pads on the Components ot Lying in the Same Plane 
This kind of of non-planarity is caused by their manufacture errors or a sembly faults. 
The top surface fi nish of the pads are smooth , but the surfaces are not in a same plane 
as shown in Figure 3. , where the top surface of the pads in the chip and substrate 
can be a t il ted surface, a convex urface or a concave surface. The bump in the centre 
chip is unlikely in the real packaging, but the others happened although they are not 
as serious as shown in the figure. 
Substrate 
Figure 3. Sources of non-coplal1arity A. 
B . Variation of Pad H eight 
The variation of component pad height is normally caused by the manufacture errors. 
The schematic of th is kind of no-planarity is shown in 3.9. The va riation of pad 
height is normal in an ACA a's mbly, and is controlled in fai rly low level. The 
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serious variation can result In la rge joint resistance and cause reliability problem 
during service [61]. 
Substrate 
Figure 3.9: Sources of non-coplanarity B. 
C. Rough ness F in ish of t he Pads on t h e Components 
A rough or wavy finish to the pads is where there are a lot of convex and concave 
surfaces on the tops of the pads. ACA particles are t rapped between the uneven 
surface of the coupled pads on the chip and the substrate as shown in Figure 3.10 , 
where the co-planarity situation is much more complex than the sources of non-
planarity 1. The particles are apt to be trapped in th concave spot [41][101]. 
Substrate 
Figure 3.10: Sources of non-coplanarity C. 
D . Distor t ion of t h e Comp one nts 
The distortion of the components is another kind of co-planarity source in an ACA 
packaging. The distortion could be from the bonding condition , the thermal shrinkage 
of the adhesive after boning and the manufacture error. This kind of distortion is 
illustrated in Figure 3.11. It happens in all ACA assemblies due to big CTE difference 
between the component and substrate globally and the components and adhesives 
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locally. The global CTE mismatch has more effect on component distortion than the 
local mismatch. 
Substrate 
Figure 3.11: Sources of non-coplanarity D. 
E. Incorrect Alignme nt 
The fourth kind of non-coplanarity source is the incorrect alignment due to the bond-
ing machine errors as show in Figure 3.12. The experimentaJ design of this research is 
based on d liberately introducing this kind of non-coplanarity. It is a model that the 
rotation degree can be easily controlled du ring the ACA assembly. It can represent 
the models of other sources of thickne s variation if only the particle deformation 
degree is considered, especiaJly in the case of the variation of pad height and th 
distortion of the com ponents. 
Figure 3.12: Sources of non-coplanarity E. 
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3.4.2 Simulation of Non-coplanarity through Chip Rotation 
In this study, it was assumed that all the component and substrate pads were coplanar 
[97], the co-planarity assembly experiment was designed to use the rotation of the 
chips through a small angle, as shown in Figure 3.13. The substrate pad surface is a 
horizontal plane and the bonding machine used is able to present the chip parallel to 
this. Different levels of non-planarity in the assembly are then obtained by rotating 
the chip through different small angles and locking them in this position by the final 
bonding procedures. Two kinds of rotations were defined in this research, a-rotation 
or ,a-rotation where a-rotation is rotated around the long chip side and ,a-rotation is 
around the short chip side. 
I a-rotation 
/ 
Figure 3.13: Definition of chip rotations. 
As mentioned earlier, although the chips used in this research were bumped along 
their four sides, only the two long sides were capable of FWR measurement. If the 
chip is rotated around the x axis, one of the long chip sides is lifted up and the 
other is moved down in relation to the x-v plane, as illustrated in the cross section of 
a-rotation in y-z plane in Figure 3.14. All bumps in the same long side of the chip 
are at the same level of rotation. If the chip is rotated around the y axis, one of the 
short chip sides is lifted up and the other is moved down in relation to the x-v plane 
as illustrated in the cross section of ,a-rotation in the x-z plane in Figure 3.15, 
t z Less compressed side 
I 
xl 
Highly compressed side 
Figure 3.14: a-rotation. 
Highly compressed side 
Figure 3.15: $-rotation. 
) 
y 
x 
Substrate 
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so the bumps in the same long side of the chip are not at the same level of rotation. 
There is no movement along the centre line of the chip, but the movement gradually 
increases on either side of the centre line, y, and arrives at its maximum shift at each 
end of the chip. 
All the chip bumps in the a-rotation assemblies are in the same rotation level, 
however the bumps in the /3-rotation assemblies are not in the same level. Therefore, 
more consistent increment of particle deformation can be acquired along the long 
chip sides in a /3-rotation assembly than those from different a-rotation assemblies. 
a-rotation and /3-rotation are different co-planarity issues, which are ideal situations 
in these experiments. All the co-planarity issues in the practical assembly should be 
the mixture of these two kinds of rotations, and may also include the other kinds of 
non-planarity as discussed in the last section. 
3.5 Experimental Methodology 
3.5.1 Co-planarity Experimental Methodology 
The ACF reel, 5 mm in width, used in these experiments must be stored at a low 
temperature (-20°C) to prevent premature curing, and should be returned to ambient 
temperature for at least half an hour before the bonding process. The chips and FPC 
substrates were cleaned using Acetone and dried using lint free cotton cloths to remove 
any contamination. In the pre-bonding process, the ACF was cut into small pieces, 
15 mm long, and then the PET cover was removed. In the next stage, the ACF 
was adhered to the substrate such that all of the substrate pads were covered by the 
adhesive. Finally, the ACF was pre bonded by the Karl Suss bonder using the bonding 
parameters as listed in Table 3.4. In the final-bonding, the pre bonded substrate was 
put into the Toray bonding machine by visually aligning the two substrate alignment 
marks to the matching marks on the base stage. After proper setup in the bonding 
machine, the cleaned chip was picked up by a vacuum bonding head (made of ceramic) 
in the machine automatically from a chip tray fixed in the machine. The chip was 
then aligned to the substrate using the chip alignment marks on the substrate and 
chip through the dual cameras in the machine. Finally the assembly is accomplished 
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by ACF heating by the ceramic head, the particle deforming, thermosetting process, 
and cooling process using the bonding parameters listed in Table 3.4. 
The bonding parameters for all of the co-planarity experiment assemblies were 
kept constant, except that the ceramic head of the Toray bonding machine was rotated 
through different angles as illustrated in the last section. Samples, labeled 1, 2, ... , 10, 
were assembled for each of 10 levels of a-rotation, where a=1 x 10-4 , 2 X 10-4, .•• , 10 X 
10-4 rad. The shift in the height of the centre of the bonding pads from the x-y plane 
was 0.135 pm for each increment of rotation. 16 samples, labeled 1, 2, ... , 16, were 
used in {3 -rotation, where {3=1 x 10-4, 2 X 10-4 , .•• , 16 X 10-4 rad. The shift in height 
of the centre of the bonding pads at the edge of the chip from the x-y plane was 
increased by 0.525 pm for each increment of {3-rotation. There were two unrotated 
·samples assembled in each type of the experiments, and their mean value was taken 
as rotation O. 
3.5.2 Sample Analysis Methods 
After all the samples were prepared, the a-rotation samples were divided into two 
groups. One group, including samples 2, 4, 6, 8 and 10 was used for analysis of their 
less compressed sides, and the other, including 3, 5, 7 and 9 was used for analysis of 
their highly compressed sides. Only the highly rotated sample 16 of {3-rotation was 
selected for the analysing of rotation effects on the joint resistance. 
Conventional optical microscopy and Scanning Electron Microscopy (SEM) were 
both used. A SEM provides high depth of field images at much higher magnification 
than is possible with an optical microscope. The SEM used in this research was a LEO 
440. The optical microscopy was used to check the sample cross-sections during the 
sample preparation. Sample preparation for SEM analysis consisted of the following 
three steps: 
• Epoxy Moulding: The ACF samples were firstly cut into a suitable size and 
put into a mould which was then filled with an 2 part epoxy resin and then the 
mould was left for several hours until the resin solidified . 
• Grinding and Polishing: The moulded sample was then ground to remove ma-
terial to expose the face of the sample that was of interest. Care needs to be 
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taken in this process to ensure that not too much material is removed, thereby 
loosing the featu res of interes t. Once the surface of interest was captured, it 
was then polished using micro powders to remove any surface roughness . 
• Gold Coating: Since a SEM illuminates the surface with electrons, the sample 
must be able to conduct electri city or the sam ple wi ll charge up, distorting the 
image. To achieve t his, the sample surface was coa ted with a very th in layer of 
gold using a sputter coating machine. Finally, the samples were attached onto 
a mount using a conductive tape and were then ready for the SEM analysis. 
Figure 3. 16 shows a typical SEiVI cross-section where a chip bump, substrate pad 
and a deformed particle surrounded by cured adhesive can be clearly seen. Figure 
3.17 is the schematic of F igure 3. 16, where d is the diameter of the original particle 
and [:'d is the particle deformation. The distance between the bump and the pad is 
referred as to the bond thickness Bt. T he part icle deformation degree, k , is defined 
as [:'dl d . 
Figure 3. 16: SEM of a typical ACA joint. 
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Chip bump 
Q:i 
'" Substrate pad ~~ 
I .-
Undefonned particle I Defonned particle i 
I ~ 
Figure 3.17: Schematic of a typical AeA joint. 
3.6 Physical Model of Rotated Assemblies 
In order to gain a better understanding of the effects of a-rotation and ,a-rotation on 
the electrical performance of AeA interconnections, a simply physical model based 
on some assumptions was developed to analyze the load on each individual AeA 
particle. This model confirms the vertical displacement rather than the angle. 
3.6.1 Assumptions 
Three main assumptions have been made. The first assumption is that the effect 
of gravity on the particles can be ignored. This is a reasonable assumption since 
the particles have a very small mass and are suspended in a viscous medium. The 
second assumption is that the surfaces of the bumps and the pads in the components 
were smooth and fiat if the asperity of the micro scale surfaces is ignored. It is also 
assumed that the same number of conducting particles would be caught within each 
AeA joint during the bonding process. 
3.6.2 Force Effect on a Single AeA Particle 
The actual bonding force applied to an AeA particle in a rotated assembly is slightly 
different from the assembly without rotation, due to the angle between the bump and 
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the pad. The actual bonding force applied to the particle is an elastic force, Fp, as 
shown in the Figure 3.18-a, where two forces were found on the particle applied by the 
bump, besides the bonding force, there is friction, Jp. There are three forces can be 
identified in the bump applied by the bonding machine and the particle, the bonding 
force from the bonding machine, Fsingle, the friction, J;, caused by the particle and 
the elastic force applied by the particle, F;, as shown in 3.18-b. Considering the force 
vectors, the actual bonding force can be calculated from the following equation: 
Fp = F; = Fsingle . casa, (3.6.1) 
for the longest angle used in the experiments, a = 10 x 10-4 rad, then Fp "" 
O.99999Fsingle, and it can be seen that the rotation has little effect on the actual 
bonding force. Therefore the bonding force was taken to be the actual bonding force 
in these experiments. 
t t 
.. .. 
a) b) 
Figure 3.18: Force vector diagram for a single ACA particle. 
3.6.3 Physical Model 
Despite the assumptions mentioned above, the actual situation for rotation of the 
assemblies is still very complex. The numbers of particles trapped in different ACA 
joints will not be same, and their positions within the joint are unpredictable. In this 
study, it is assumed that each trapped particle will equally share the bonding force 
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in an ACA assembly joint. The force applied on each particle is therefore Fin, where 
the total bonding force is F and there are n particles trapped in the ACA assembly. 
This makes an assumption none of the force is borne by the fliud. However, in 
the rotation assembly, the bonding force in the less compressed side and the highly 
compressed side are different. In order to evaluate the distribution of the bonding 
force, a simplified model is adapted here as shown in Figure 3.19. It is assumed that 
there are only two ACA joints in a rotated assembly. The bump and the pad in each 
joint have the same size, and there is only one particle trapped in each joint. A more 
deformed particle would be expected to be found in the highly compressed side than 
in the less compressed side, as shown in the figure. 
F,Iinglc-l AeA Particle 
F 
Bump 
Pad 
Figure 3.19: Simplified model of a-rotation. 
Fsingle-2 
To simplify the model further, the particles are represented as two springs as 
shown in Figure 3.20. The particle deformation is non-linear, as there is both elastic 
and plastic deformation and the spherical geometry of the particle leads to geometric 
non-linearity as discussed in section 2 of Chapter 2. However, representing them as a 
linear spring is an easy way to analyze the bonding force distribution on the particles 
qualitatively. 
The mechanism of the particle deformation and bonding force distribution in 
the model is schematically shown in Figure 3.21, where t::..ll and t::..12 are the spring 
movements from their free level to their final bonding positions respectively, F is the 
total bonding force, Fsingle-l is the bonding force applied on spring 1 and Fsingle-2 is 
Fsingle-I Spring 
F 
Bump 
Fsingle-2 
Figure 3.20: Spring model of a-rotation. 
Bump plane F Free level 
'" 
/ 
I Alt "'- Ail I < ~.-! > 1 F single-I 
T < ~ , J.. sing\e-2 , a 
/ I / / Spnng 1 I Padplane Spnng2 
Figure 3.21: Spring model analysis of a-rotation. 
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the bonding force on spring 2. If k is the elastic spring constant, the bonding forces 
are: 
Fsingle-l = k.6.11 , 
It can be seen from the figure that .6.1t > .6.12 , therefore: 
Fsingle-l = k.6.lt > Fsingle-2 = k.6.12 '* Fsingle-l > Fsingle-2, 
Considered that F = Fsingle-l + Fsingle-2, thus: 
Fsingle-l > F /2 > Fsingle-2. (3.6.2) 
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If there are n particles trapped in an AeA assembly and equally deformed particles 
in every joint, Equation 3.6.2 can be written as: 
Fsingle-l > Fin> Fsingle-2, (3.6.3) 
where Fsingle-l and Fsingle-2 are the bonding forces applied to each particle in the less 
compressed side and highly compressed side respectively. 
From Equation 3.6.3, it can be concluded that, firstly, the bonding force applied on 
each particle in the highly compressed side is higher than in the less compressed side, 
secondly, the bonding force applied on each single particle in the highly compressed 
side is higher than the average bonding force Fin, and the force in the less compressed 
side is lower than Fin. Therefore, there was more particle deformation in the more 
compressed side than in the less compressed side, and the deformation in the more 
compressed side was bigger than in the unrotated assemblies and the deformation in 
the less compressed side was smaller than in the unrotated assemblies. 
Chapter 4 
Results and Discussion of 
Co-planarity Effects on Anisotropic 
Conductive Adhesive Assemblies 
4.1 Introduction 
In this chapter, the results of co-planarity variation on ACA assemblies presents firstly. 
Then the effects of the co-planarity variation experiments are analyzed and discussed 
based on the resulting electrical properties of the ACA joints. There are two outputs 
from these experiments. One is the non-planarity effects on the ACA assemblies and 
the other is the bond thickness effects on the joint resistance in the ACA assemblies. 
The bond thickness refers to the height of the deformed particles in the ACA joints. 
This is different from the research of individual ACA particles undergoing deformation 
that will be presented in the following chapters, because about 20 to 30 particles, 
not individuals, were deformed together in these experiments. Finally, the electrical 
performance of individual ACA joints bonded with different co-planarity variations 
are discussed according to the rotation degree of the chip on flex. 
4.2 Experimental Results 
4.2.1 Deformation Degree Effects on the Particle Crush 
Crushed particles are difficult to identify using the sample analysis methods discussed 
in section 3.5.2. However clear deformation of the contact areas and a characteristic 
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pattern in the crushed particles can be seen in assemblies manufactured using a glass 
substrate through an optical microscope. Four such images are selected to detail the 
deformation degree effects on particle crushing as h01V1l in Figure 4.1' , where the 
particle defo rmat ion degree can be calculated using Equation 2.5.38, as listed in Table 
4. 1, 
IOIlITI 
o 
101l1TI 
a) c) 
10llm 
10llm 
b) d) 
Figure 4.1: Effects of deformation degree on particle crushing ' . 
I Sample prepared and imaged by Dr. Yin usi ng the same AeA as lIsed in the co-planarity 
experiments. 
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Table 4.1: :Vleasured Contact Radii and Their Deformation Degrees 
I ~ample I R (t,m) I k(%) I Avg no. of cracks/ par·ticle I 
1 1.33 51 0/ 9 
2 1. 58 57 8/ 11 
3 2.13 69 30/ 12 
4 3.46 85 iV/ A 
Notes: R: Average contact radius 
k: deformation degree 
and plotted in Figure 4.2. against the average contact radius mea ured from Figure 
4.l. 
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Figure 4.2: Calculated deformation degree versus the measured contact rad ius. 
It can be seen from Figure 4.1 that there are no visible cracks in the particles for 
the deformation of 51 %, one crack had initiated when the deformation degree had 
reached 57%, three cracks were found in the part icles when the deformation degree 
reached 69%, and all particles were crushed by a deformation of 85%. Therefore, it an 
be concluded that the particles begin to crush at between 51% and 57% deformation, 
although it can not be detected using the methods discussed in section 3.5.2. 
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4.2.2 a-rotation 
The output of these experiments is the variation in joint resistance for different ro-
tations, The -xperimental r suits fo r a -rotation are shown in Tables 8,1 and 8,2 in 
appendix I. 30 joint resistances were measured from the less compressed side of each 
chip and another 30 joints resistances were mea 'ured from the highly compressed side 
of each assembly. 
Thejoint resistance versus joint numberj post ion along the long chip side are shown 
in Figure 4,3 and 4.4, where the horizontal axis in each figure represents the measured 
joint numberj postion, Sample 0 is the normal assembly without any rotation, while 
samples 1 to 10 are the 10 samples with increasing rotation angle, As expected, these 
results show that the joint resistances are higher in the less compressed side (Figure 
4,3) than in the highly compressed side (Figure 4.4), 
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Figure 4.3: Effects of a -rotation for the joint resistance of less compressed side, 
260 
240 
220 
E 200 
.s::. 
0 180 
.s 160 
<I> 
u 140 c 
'" 120 -.~ 
<I) 100 
<I> 
.. 
_ 80 
c 
'0 60 
..., 
- 0- 0 
- . - 1 6 
- 6 - 2 • 7 
-~- 3 - *- 8 
- +- 4 - . - 9 
- . - 5 -~- 10 
40 
20~~.-~~~~~~~~~~~~~~ 
o 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 
Joint number 
81 
Figure 4.4: Effects of ,B-rota tion for the joint resistance of highly compressed side. 
4.2.3 ,B-rotation 
In the ,B-rotation assemblies, pairs of joint on oppo ite long sides of the chip in each 
assembly had the same level of compr ssion as shown in Figure 3.15. Therefo re, the 
mean value of the two opposite joint along the long side of the chip were examined 
together to evaluate the assemblies with ,B-rotation. 60 joint resistances were mea-
sured from each of 16 samples , and the 30 mean values of these results are plotted in 
Figure 4.5, where the horizontal axis is for different joint number/ position along the 
long side of the chip. The more compre sed ends is for joint numl el'S from 15 to 1, 
whereas the less compressed ends i where th joint numbers/postions were from 16 
to 30. The mean joint re i tance , a total of 510 point· as hown in the figure, are 
mostly concentrated in the range from 30 mll to 90 mll , therefore, it is not easy to 
ident ify a tread in the resistance variation for each joint location over the 16 tested 
samples. However, the tread is very clear if the results of joint resistance versus ro-
tation angle are considered as shown in Figure 4.6. In this figure, the horizonta l a.xis 
i for the rotation angle, which increases from sample 0 to 16, and the vertical line 
represents the joint resistance. It can be seen that the joint resistance measured for 
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the sam e joint position in a different sample increases as the rotation a ngle increases 
from 'ample 0 to the highly rotated sample 16. 
4.3 Analysis and Discussion of a-rotation Results 
The raw resistance results from the experiment as shown in Figure 4.3 were diffi cult 
to interpret , because there are so many factors t hat can affect ACA joint res istaJ1CeS, 
ACA joint resista nces for t he same bonding conditions a nd same bonding machine, 
bu t assembled at different times, can va ry significantly due to other uncontrolled 
facto rs. The deviation of the joint resistances from the mean / nonnal value must 
be within an acceptable r8Jlge, ot herwise the process cannot be used in electron-
ics products. Therefore a quality control concern in t he electronics industry is the 
achievement of consistent joint resista nces, 
The results shown in this section are the mea n values of the joint resistances for 
the same level of compression from the same samples, together with results fo r the 
standard devia tion of t he res istances and the numbers exceeding t he acceptable level 
of resistance (defined here as 100 mn ). 
4.3.1 Less Compressed Side of a-rotation 
The results presented in Figure 4.7 are the mean values for the less compressed side 
of samples wi t h different imposed rotation a ngles , where t he horizonta l axis is the 
rotation angle, where each increase is a tiny angle, 1 x 10- 4 ,'ad, and the verti ca l axis 
is the mean joint resistance. Each value in the figure is the average (arithmetic me8Jl) 
of the results for the 30 joint resista nce measurements from the less compressed side 
of a sample, except that for 8Jl 8Jlgle of 0, which is t he me8Jl value of the 120 joints 
meas ur d from 2 samples wi t hout rotation, so it can be taken as a s tandard value, 
The error bars show the st8J1dard deviation of resistance, giving 8Jl indication of the 
consistency /spread of the resistances, 
It C8J1 be seen that the mean joint resistance increased reasonably linearly from 
about 40 mn to more t h8J1 100 mn as the rotation angle increased , although the joint 
resistances did not change significantly for t he smallest level of rotation . T he s pread in 
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resistance values also tended to increase with increasing rotation angle, although not 
in such a linear way. These increases in resistance may be attributed to the reduced 
compression of the conductor particles and may also be due to a reduced number of 
trapped particles caused by the greater flow of AeA resin over the pads during the 
final bonding, due to the t ilted chip forcing all of the resin out of that side of the 
chip as shown in Figure 4.8. Flow of the adhesive over the pads has previously been 
shown to reduce particle density by lVIannan et al. [59]. Furthermore, the variation 
of the mean joint resistances for large rotation angles indicated that the joint yield 
may be significantly reduced . For instance, the highest joint resistance in sample 8 
was more than 240 mn , and some high re 'istance joints (defined here as more than 
1000 mn) were found in the less compressed side in some of the samples with la rger 
rotations (samples 8, 9 and 10), i.e. there were 3 high resistance joints in sample 
8, 1 in sample 9 and 2 in sample 10. The resistance variations in samples 0, 1, 2 
and 3 were all relatively small , but from sample 4 to sample 10, the spread increased 
dramatically, reaching their maximum for sample 8. These results show assemblies 
with large rotat ion angles would definitely cause yield problems because some joint 
resistances, are too large to be used. It is not clear why the mean joint resistance for 
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sample 7 was smaller than for sample 6, however it is probably a random effect due 
to variability in the materials and bonding process. 
Bonding force ~ ~~~~~~~~'=~~R:eSs=il~l;fl~O~W ~ 
Highly compressed side Less compressed side 
Figure 4 .8: Resin flow. 
Figure 4.7 also shows the numbers of joints in each sample with a resistance 
exceed ing the acceptable th reshold of 100 mr2. The numbers showed that some of 
the joints in the samples were not acceptable after angle 3, and the larger the angle 
was. the more joints exceeded the threshold. For example, in sa mple 10, 14 joint 
resistances were more than 100 mr2. 
To sum up, there were types of behaviours identified for the less compressed side 
in thi' experiment. Stage I, the stable stage, was identified as being for samples 0 
and 1 as for as the mean joint resistances were concerned . It can be seen there was 
almost no difference in joint resistances within this small amount of small rotation. 
A typical joint and th level of particle deformation in this stable stage is shown in 
the SEM cross-section Figure 4.9-a. As fo r stage Il , from sa mple 2 to 6, the mean 
joint resistances increased grad ually due to the decreased defo rmation of the ACA 
particles and contact areas as the rotation angle increased step by step. The particle 
deformation in this stage can be seen in Figures 4.9-b, c and d, where the part icle 
deformation decreases as the rotation increases from sample 2 to 6. In stage II I 
sam ple 7 to 10 variability of the mean joint resistances was found. In this stage, 
besides the large resistances resulting from the 'maller deformated ACA particles as 
shown in Figures 4.9-e and f, the conductivity of the mechanical contacts reduced due 
to the dramatically reducing area of contact between the part icles and the pads. The 
probably lower number of particles t rapped between the bumps and the pads, due to 
the increased AeA matrix Aow over the pads as the rotation increased, 
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a) Standard sample (BI= I.590 pm) d) Sample 6 (BI=2.096 pm) 
b) Sample 2 (BI= I.788 pm) e) Sample 8 (BI=2.384 pm) 
c) Sample 4 (BI= 1.90 I pm) f) Sample 10 (BI=2.72 I pm) 
Figure 4.9: SEM cross-sect ions of less compressed side of et- rotation . 
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is another factor that could have contributed to the large and variable joint resis-
tances, but this has not been quantified. There are no SEM cross-sect ions of the less 
compressed sides of sam ples 1, 3, 5, 7, and 9, since they were polished and scanned 
for the demonstrat ion of the highly compressed sides in the following section. 
4 .3 .2 High ly Compressed Side of O!-rotation 
Compared to the less compressed sides of the same samples, the mean results for 
the highly compressed side were much more consistent. The results are presented in 
Figure 4.10, to the same scale as in Figure 4.7. The the joint resistances in the high ly 
compressed sides were more consistent than the opposite ones in the less compressed 
sides, as the res istance profi le shown in the figure. All of the mean resistance values 
were between 40 mO and 60 mO and none of the resistances exceeded the acceptable 
threshold of 100 mO, indicating that the highly compressed side joints were more 
uniform than those in the less compressed sides. 
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Figure 4.10: Highly compressed side. 
In order to achieve a detailed understanding of the effect of high levels of com-
pression on the AeA assemblies, the results for the highly compressed side were also 
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divided into three stages according to the resi tance pattern shown in Figure 4.10. 
As for the less compressed side, the t hree identified stages are: 
Stage I: sample 0- 1; 
Stage IT: sample 2- 6; 
Stage Ill: sample 7- 10. 
However, the behaviour that they demonstrate arc different . 
Stage I: The mean joint resistances as shown in the figure dropped a li t tle, which 
is believed to be because the particles t rapped between the bumps and the pads in 
sample 1 were deformed a little more th an in sample 0, increasing the contact area. 
However, there is no visible difference between the join ts of sample 0 and sample 1, 
and are simi lar to those shown in Figure 4.9-a. 
Stage II: As the rotation increased , the trapped par t icles between the bumps 
and the pads started to become over compressed and were considered to be therefore 
crushed , as shown in the SEM cross-sections of sample 3 and 5 in Figure 4.11-a and 
b. Therefore t he interconnection resistan es increased slight ly above those in stage 
1. Crushed particles result in low conductivity, because of t he cracks in the particles 
and also the reduced mechanical contact a reas between the p81ticles and the pads. 
The worst situation in this stage was that most of the part icles were crushed , and 
there were few apparent mechanical contacts between the bumps and the pads. In 
such cases, the joint resistances may be qui te high , some of t hem were as high as 95.2 
mn in sample 5. 
Stage Ill: T he ACA pmt icles were crushed deeply in this stage due to the large 
pressure caused by high levels of compression along the long chip side as t he SEM 
cross-section of san1ple 7 and 9 shown in Figure 4. 11-c and d. In this stage, there 
was a significant direct mechanical contact area between the bumps and pads, where 
the situation beca.l11e simila r to that in NCA assembl y, however the pieces of crushed 
resin coated pa rticles may reduce the area of direct mechanical contact between the 
metal pads, resulting in a worse conductivity th8l1 for a NCA a . mbly. 
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a) Sample 3 (8t= 1.394 fll11) c) Sample 7 (b t=0.894 flm) 
b) Sample 5 (8t= 1. 197 fll11) d) Sample 9 (8 t=0.76 I Wn) 
Figure 4. 11: SEM cross-sections of highly compressed sid of a-rotation . 
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4.4 Bond Thickness Effects of a -rotation on Joint 
R esistance 
The actual bond thicknesses for the a-rotation samples were measured using the SEM 
for comparison with those calculated for the pre-set rotations. Four bond thicknesses 
were randomly measured along each long side of the rotated sample. The calculated 
and measured bond thickness are listed in 4.2. 
Table 4.2: Bond Thicknesses due to a -rotation. 
Rotat i on (?'ad) 
-- -
- 9 - 7 -5 - 3 0 + 2 I + 4 + 6 +8 + 10 
Calculated thickness (,),m) 
- -- 0.375 0.645 0.915 I 1.185 1.59 I 1.86 I 2.13 2.4 2.67 2.94 
Measured thickness (I-'m) 
Bt01 0.76 0.90 1.20 1.39 1.59 1.79 1.90 2.10 2.39 2.72 
Bt02 0.71 0.78 0.91 1.45 1.41 1.69 1.65 1.95 2.19 2.9 
Bt03 0.86 0.96 1.25 1.29 1.71 1.83 1.86 2.32 2.41 2.46 
Bt04 0.72 1.05 1.38 1.42 1.66 1.85 2.15 2.19 2.55 2.81 
Avg. 0.763 0.923 1.19 1.388 1.593 1.790 1.890 2.140 2.385 2.723 
S.D. 0.069 0.113 0.198 0.069 0.131 0.071 0.205 0.155 0.148 0.189 
Note: highly compressed sides NR less compr essed sides 
Note: Avg:average of 4 measurements; S.D.:standard error . 
Note: NR:no roation. 
These measurements and calculated thicknesses a re plotted in Figure 4.12, wh re 
the measured bond thickness is the mean or the four measurements with one standard 
deviation error bars. In the calculation , it is assumed that the bond thickness is 1.59 
/-Lm, if there is no rotation , which is the average bond thickness of the unrotated sam-
ples. The measured bonds are thinner in the less compressed sides and thicker in the 
highly compressed ides than the calculat ions. This indicates that the real rotations 
are smaller than the calculations . It can been seen that the plot of the measured 
bond thickness is not a straight curve, indicating that the particle deformation is not 
linear. 
The particle deformation degree can be calculated from the measured bond th ick-
ness. Then, together with the measured joint resistance, the relationship between the 
the joint resistance and deformation can be built , as plotted in Figure 4 .13. 
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In this figure, t he joint resistances are the same as those shown in Figures 4.7 and 
4.10. The deformations up to befo re the defo rmation degree, 55%, occurred in the 
less compressed sides of a-rotation, while those greater than 55% are for the highly 
compressed sides. It can be. een that the joint resistance reduced as the particle defor-
mat ion increased up to 55% deformation, but then the joint resistance had relatively 
little fu rther change for the deeper deformat ions, although there is some evidence of 
a slight increase in resistance. On the other hand , the results suggest that the joint 
resistance' are getting more consistent as t he standard error is reduced up to about 
10 mll. as also shown in Figure 4.13. This indicates that fo r indi vidual AeA pa rti-
cles: their joint resistance reduces as the deformat ion increases until j'eaching a stable 
value after a certain deformation degree. F\lIthermore, t he data can be interpreted as 
indicating that the joint resistance reduces continuously as the particle deformation 
increases, as indicated by the exponent ial decay fun ction (e- ~t) fitted to the data 
in Figure 4.13. This exponential decay function also fits well with the relat ionship 
between joint resistance and pa.rticle deformation, will be established in the following 
chapter . 
It can be seen that the average joint resistances in the rotated samples are all 
bigger than those measured in the unrotated samples. This raises the question: as 
to whether the joint r'esistances of A CA assemblies are more significantly affected by 
other affects of non-planar'ity than just by its effect on bond thickness . In Figure 
4.13, the smallest joint resistance is that for t he unrotated samples. T his t rend can 
also be seen in the ,B-rotation results presented in Figure 4.5 , where the lowest joint 
resistances were measured fo r sample 0, the unrotated assembly. However , before the 
conclusion is arrived , more re earch need to be done to check if this trend happens if 
different load is used in the bonding. 
In summary, systemat ic research into the relationship between mechanical defor-
mat ion and electrical behaviour of AeA particles, especially individual particles ,is 
necessary to further understand the particle deformation effects on the joint resis-
tance. Research on individual AeA particles will be presented in the following chap-
ters. Such single particle experiments will separate load / deformation effect from other 
effects, e.g. par ticle sweep and cont ribute to the fundamental understanding of Ae A 
technology. 
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4.5 Analysis and Discussion of ,6-rotation Results 
The joint resistances of the different joints sam ples that assembled with ,6-rota tions, 
results of 5 samples, 0, 4, 8, 12 and 16, are typically selected as plotted in F igure 4.14, 
where the horizontal a.xis represents the joint position along the long side of the chip. 
Sample 0 was the assembly without any rotat ion and samples 4, 8, 12 and 16 were 
assembled with angles, 4 x 10- 4 , 8 X 10- 4 , 12 X 10- 4 and 16 x 10- 4 Tad respect ively. 
The more compressed end is located from joints 1 to 15 and the less compressed end 
is located from 16 to 30. It clearly shows that all the joint resistances in an individual 
sample increase as the rotation angle increases. Another tendency is that the joint 
resistances near to t he short edge are higher than the ones near to the middle of the 
chip, especially the joint resistances in the less compressed end which are much bigger 
than the others as hown in sample 12 a nd 16. Almost all the joint resistances were 
higher than those measured in the standard assembly, no matter where the joints were 
located. This is similar to the results for (X- rotat ion; where a ll t he join t resistances 
increased if there was any non-planarity in the assembly. 
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Figure 4.14: Joint resistance versus joints of ,6-Rotation samples 0, 4, 8, 12. 
On the other hand, in order to have a clear picture of how the joint resistance 
at any speci fi c joint location depends on the rotation angle, the results for 7 joint 
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locations, 1, 6, 12, 15, 18, 24 and 30, are selected and plotted in Figure 4.15 , where 
the horizontal axi' represents t he rotation increment. It can be seen that all the 7 
curves have a similar trend in that the joint resistance increases as the rotation angle 
increases. However, there is no clear difference between different joints locations fo r 
the same ,B-rotation. 
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The average joint resistance of each chi p is shown Figure 4.16, where the horizontal 
axis represents rotation increment and the vertical axis i . the meaJljoint res istances of 
each test chip. All th mean joint resistances for rotated samples were higher than for 
the standaJ'd sample, but remained around 50 mCJ for rotation angles up to 7 X 10- 4 
md. They then increased more significantly from a rotation angle of sample 8, up to 
sample 11, rotation angle 11 x 10- 4 md and then and kept almost stable again. 
4 ,5 ,1 Highly Compressed Side of ,B-Rotation 
The joint resistances for the highly compressed side of the ,B-rotation samples increase 
as the rotation aJ1gle increases, as shown in Figure 4.15. This i considered to be due 
to the same reasons discussed for the different stages for the highly compressed side 
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Figure 4.16: :-IIean joint resistanc versus rotation angle of ,B-rotation. 
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in et- rotation. The trapped pa rticle between the bumps and the pads were becoming 
over compressed as the rotat ion angle increased and therefore crushed as the rotation 
increased , therefore the interconnect ion resistances became slightly higher than those 
in the un-rotated assembly. This tend ncy b came greater fo r the joints fu rther away 
from the centre of the chip. The highest resistance was always found near to the 
short edge of the chip , joint 2 or 3. The electrical resistance of joint 1, the nearest to 
t he short edge, was higher t han t he ones near to the centre of the chip , but smaller 
than those in joint 2 or 3. Th is is considered to be caused I y the uneven flow of 
melted adhesive in the edge area during the high temperature bonding. All the joint 
resistances in the highly compressed side were kept a lmost con'i tent as shown in 
Figure 4.14, although they were higher than the standard one. Different deformation 
stages, as discussed in the highly compressed side of et- rotation, could be performed 
in the highly compressed side of ,B-rotation samples. The conclusion is that the joint 
quality reduces as the rotation angle increases. The SEM cross-section of joint 2 
in sample 16, shown in Figure 4.17-a, where it can be seen that the particles were 
completely crushed. The assemblies with highly cru hed particles, as discussed for 
Stage HI et- rotation were expected unreliability performance if under service. 
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a) Joint 2 (81=0.782 flm) 
b)Joint 15 (81= 1.866 flm) 
c) Jo int 28 (8t=2.593 I'm) 
Figure 4.17: SElvl of joints 2, 15 and 28 of ,B-rotation sample 16. 
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The part icle deformation in joint 15 was much better than joint 2 as shown in 4. 17-b. 
where the deformation was similar to the unrotated sample joint shown in F igure 
4.9-a. 
4.5.2 Less Compressed Side of ,6-rotation 
The joint resistances of the less compressed side for ,6- rotation also increased as the 
rotation angle increased , as shown in Figure '1.14 . The re istances of the joints near 
to the short edge of the chip were higher than those near the centre of the chip. This 
trend was imilar to that for the highly compressed side of ,6-ratation, except that 
the joint resistances in the less compressed side were higher than those joints the 
same di tance from the centre on the highly compressed side. For example, it can be 
seen that the resistances of joints 2 and 29 were much higher than those of joints 
3 and 2 in the highly rotated sample' 12 and 16. In each sample with ,6- rotation, 
the mea 'med resistances increased from joint 16 to joint 30, due to the increasing 
bond thickness cured in the assembly. This tendency is much clearer in the samples 
with highly rotations, as the curve for sam ple 16 shows in Figure 4.14 , where the 
resi tances of joints 28 and 29 near the short edge were very much higher than those 
in the le's com pressed side. These resistance values were similar to those for stage In 
of the less compressed side of Q-rotation. This is considered that similar deformation 
degree was performed in these joints a the SEiVI cra s-section shown in Figure 4.17-c. 
These large resistances resulted from the smal l deformation of the ACA particles, and 
small area of contact between the particles and the pads. 
4 .6 Summary 
This set of trials has generated an understanding of the effects of co-planarity vari-
ations on ACA joint resistances. It has been con firmed that poor co-planarity can 
result in low conductivity joints. The effects are dom inated by height difference rather 
than the orientat ion. 
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4 .6 .1 et-rotation 
Three stages of particle deformation were identified from the a-rotation experiments 
as the rotation angle of tested samples was increased, as shown in Figure 4.18. 
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Figure 4. 18: Mean resistance of a- rotation. 
In stage I, low and uniform resistances were found. In stage II , the joint resis-
tances of the less compressed side increased , due to the decreased deformation of the 
AeA particle . In contrast to the less compressed side, the lower conductivity joints 
in the highly compressed side resulted from the crushed particles and the red uced 
area of mechanical contact between the particles and the pads. In stage III , highly 
variable AeA joints were found in the less compressed side, because the AeA particle 
defo rmation was dramatically decreased and the mechanical contact between the par-
ticles and bumps/ pads were very limited. A smaller number of particles t rapped in 
the joints may be another factor that resulted in non-uniform conductivity in the less 
compressed side. In Figure 4. 18, it suggests that the joint resistances in the highly 
compressed sides are stable compared to the ones in the less compressed sides, how-
ever such joints will suffer reliability problem under service, since that AeA particles 
were crushed in this stage and stationary contacts between the bumps and pads were 
initialled between the pieces of the crushed particles. 
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4.6.2 ,B-rotation 
It can be concluded that the larger the rota tion angle was, the higher the joint 
r si tance in th le s compre d ide f .B-rotati n 'amples, and the n arer th joint 
to the centre of the chip was, the smaller the joint resistance in the less compressed side 
of each .B-rotation samples. The joint resistances in the less compressed side increased 
from joint 16 to joint 30, and different stages as discussed in the less compressed side 
of a -rotation could be performed in these samples. In the less rotated samples, only 
the Stage I was performed, however, th ree stages are supposed to be found in the 
same sample with highly rotation as the joint re istances were quite high as shown in 
Figure 4.16. 
In the highly compressed side of .B-rota tion, the joint resistanccs increased from 
joint 15 to joint 1 in each rotation, and the increase tendency became st rong when the 
rotation angle was increased. It can be seen that the particles in joint 2 were crushed 
in the highly compressed side of sample 16 as shown in Figure 4.17-a. The pa rt icle 
deformation in sample 16 decreased from joint 1 to joint 15 because the compression 
decreased from the short edge to the cent re of the of the chip. In joint 15, the particle 
deformation was similar as in the joints of standard AeA assembly as shown in Figure 
4.17-b. 
Assemblies with co-planarity variation, such as .B- rotat ion , wi ll suffer reliability 
problem under service due to the uneven joints near to the short edges of the chip , 
where similar failure mechanics as discllssed in the a-rotation are expected. 
Chapter 5 
Individual ACA Particle 
Compression Experiments 
5.1 Introduction 
As discussed in previous chapters, AeA particle deformat ion is a critical factor that 
decides the mechanical and electrical performance of AeA assemblies. Significant re-
search has been focused on the average mechanical and electrical properties of multiple 
AeA particles, however there has been little systematic re earch into the individual 
part icle deformation behaviour. Research on the behaviour of multiple Ae A particles, 
such as the non-planarity effects in the las t chapter, is limited in its abili ty to reveal 
the particl deformation process, the strain and st ress status during the deformation 
and the relationship between particle deform ation and the electrical performance of 
AeA assemblies. This is why the systematic research on the mechanical deformation 
and electrical behaviour of individual AeA particles is introduced in the following 
chapters. This chapter describes the materials, equipments and experimental pro-
cedures for measurement of the deformation behaviour of individual AeA particles 
and their elec trical resistance during deformation . The materials and apparatus are 
described first, followed by an explanation of the experimental methodologies and 
some discussion. 
Due to the very small size of the particles, ext reme accuracy is required to de-
form individual AeA particles and simultaneously measure their electrical resistance. 
Rather than design and build from scratch a suitable test system with the required 
accuracy, an existing nano-indenter machine was adopted and dedicated punches were 
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designed and prepared to achieve these experiments. Many materials were investi-
gated fo r manufacture of these punches for the deformation tests . Punches with 
a small circular tip were used to deform single ACA particles on a base stage, as 
schematically shown in Figure 5.1. In the electrical tests, the particle deformation 
process also required specially con figured punches and base stages to allow the FWR 
measurements. 
Punch 
Pressure 
.. 
Base stage 
Figure 5.1: Individual ACA particle deform ation. 
In addition , the mechanical deformation of multiple ACA particles was also con-
ducted using the same equipment to gain a more detai led understanding how a single 
ACA particle performs wi thin an ACA joint containing multiple deformed ACA par-
ticles. T he purpose of these experiments was to determine: if the def01mation of 
multiple A CA pal'ticles is simply the sum of the individual pal'ticle defoTmations. 
5.2 ACA Conductor Particles 
The ACA particles used in these experiments are two types of commercially manufac-
tured and available particles, Con part AU-4 and Sekisui Micropearl AU-20575 , which 
will be referred to as Type I and Type II respect i vely. The two kinds of particles are 
specifically designed for use in ACA/ ACF applications and have similar structures, 
although they differ in detail , including lightly different polymer core composition, 
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different metal coating thicknesses and probably different manufacturing processes. 
The structure of the particles used in these experiments is shown in the schematic 
cross-section in F igure 5.2. The structure is mainly a polymer core coated fi rstly by 
a Ni layer and then a Au layer. There is an insulating layer over the Av. layer to 
furthe r prevent the ACA particle from conducting with the adjacent particles. T hese 
types of particles are widely used in LCD assembly and fl ip chip device mounting, 
since these Ni/ Au coated high precision fine particles have high conduction and ex-
cellent reliability. The material properties of these two types of ACA part icle are 
summarized in Table 5. 1. 
Res in 
Figure 5.2: Configuration of a typical ACA particle. 
Table 5.1: Properties of the ACA Part icles. 
Type DiameteT Compostion Ni layeT Au laye7' 
(J.Lm) (nm) (nm) 
T 4 StYTene/ AC7'ylate/ DV B ~ 10 30 - 50 
II 5.75 DVB ~ 50 < 30 
Note: I DVB: Dl-vlnyl -benzene 
The Conpart ACA particles call be supplied with diameters from 1 J.L7n to 30 
J.L1n and can have their mechanical and chemical properties specially tailored cl ue to 
the unique polymerization process is us d in the manufacturing, which also results 
in near mono-sized spheres. The metal coating layers on the ACA part icles are not 
homogenous as shown in Figure 5.3. 
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Figure 5.3: Type I particle. 
The Sekisui lVl icropearl particles are also supplied in different sizes and different 
compositions for different applications. The metal coat ing layers on this ki nd of AeA 
particles are a.lso not homogenous as shown in Figure 5.4. 
Figure 5.4: Type II pa rticle. 
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5.3 Apparatus 
5.3.1 Load Application and Displacement M easurement Ma-
chine 
Thi experimental research was accomplished by using a Micro Materials N anoTest™ 
machine, which is normally used to measure micro materials propert ies, such as in 
nanoindenta tion testing, nano-scratch testing and nanotribomet ry [9]. However, this 
machine has been adapted specially in this experiment to deform t he Ae A particles 
using Aat t ipped punches. 
Basically, t his kind of nano- indenter consists of three main parts, voice coil actua-
tor, capacitor plates for di placement measurement. and the pendulum which connects 
the actuator and capacitor plate ' to the indentor. The load force is applied by the 
vo ice coil actuator at the top end of the pendulum , while the punch is fixed to the 
bottom side of the pendulum , opposite to the capacitor , as shown in Figure 5.5-a. 
A frictionless pivot is used to allow the pendulum to rotate around the X -a:xis. The 
limit stop is to prevent the bottom side of the pendulum from moving too fa r towards 
the capacitor side. 
T he indenter and sample stage are schematically shown Il1 Figure 5.5-b, where 
a Aat tipped punch instead of the usual pointed diamond indenter was used. The 
machine is computer cont rolled and has a sample stage that can move in 3 directions 
to a positional accuracy of 0.1-1 !-ITn . The load resolution of this machine is up to 100 
nN, and the indentor displacement resolution is 0.1 nTn. 
--------
Permanent magnet 
Voice coil actuator 
L· .-------------IIntt stop 
Frictionless pi vot 
~ 
Pendulum 
Sample stage 
Capacitor Pla~ 1] C=J 
~ IL:J::::I>~h/lndenter 
a) Schematic nanoindenter 
Sample stage 
"I) 7 
Puncb 
b) Puch and base stage 
Figure 5.5: Schematic diagram of the nano- indenter. 
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5.3.2 Punches 
Three kinds of materials were investigated for manufacture of the punches used in 
this study. T hese were High Speed Steel (H SS), a Titanium alloy (Ti90Al60V4) and 
a TUngsten/Copper alloy (W 80Cu20). The material propert ies a re listed in Table 
5.2. Some other materials, such as ruby, diamond and silica, were also considered. 
Ruby was t ried to make punches. however it was too hard to be shaped by ava ilable 
facilities . The ideal material should be diamond for the punche' u ed for the mechan-
ical deformation, but not tried due to the cost and the difficul ty of manufacturing by 
available facilitie . The silica wa' not t ried because it was thought easy to be broken 
by the base stages. 
Table 5.2: Selected Punch Materials. 
Matel'ials HW'dness Resistivity C01'1'osion Polished Round 
Composition Rockwell (J.Lrlcm) Resistance SUI'face Edge 
HSS 80 - 82 8.9 Good E xcellent E xcellent 
WICu 82 3.2 Avel'age Avel'age Avel'age 
Ti 35 - 39 168 Excellent Good Good 
A . H SS Punch 
The term 'high speed steel' i derived from the fact that thi ' material is capable 
of cutting metal at a much higher rate than carbon tool steel and continues to cut 
and retain its hardness even when the cutting ti p of the tool is heated to a low red 
temperature. Be ide iron and carbon, tungsten is the major alloying element but 
it is also combined with molybdenum, vanadium and cobalt in varying amounts. It 
is widely used for the manufacture of taps, dies, twist drills, reamers, saw blades 
and other cutting tools. The reason for select ing this material to make punches is 
that H SS is hard , and may be readily available, such as a small drill from which 
a fl at ti p with relatively sharp edges could be ach ieved and it has a relatively low 
electrical resistivity. A HSS punch made for mechanical deformation of individual 
ACA particles is shown in Figure 5.6, where the diameter of the t ip is about 30 wn. 
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Figure 5.6: Surface of a E SS punch. 
B. W /Cu Punch 
A tungsten alloy (W60 jCu40) is typically used as an electrode material for 'park 
erosion electrodes and electrical contacts, due to its excellent resistance to mechan-
ical wear and electrical erosion. Therefore, by using this material a lower contact 
resistance as well as average mechanical properties can be achieved compared to the 
fISS and T i punches, although the quality of polished surface achievable is not as 
good as for HSS or T i. A W jCu punch used fo r electrical testing of individual Ae A 
part icles is shown in Figure 5.7, where the diameter of the t ip is about 20 fJ.m. 
Figure 5.7: Surface of a W / Cu punch. 
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c. Ti Punch 
A titanium alloy (Ti90 / Al6/ V4 ) was also chosen to make punches in this experiment, 
because it is a unique material with excellent corrosion resistance and mechanical 
properties. Although its resistivity and hardness is not as good as H SS or the W /eu 
alloy, it is still a choice to make punches only for mechanical deformation. 
5.3.3 Punch Manufacture 
The punches used in these experiments were polished from sharp needles that were 
manually ground from a wi re, 1 mm in diameter. Polishing a sharp needle into a fl at 
tip punch requi res a carefully designed and controlled process. 
T he starting material fo r punch manufacture is a length of a metal wire, 1 mm in 
diameter and 16 mm in length as schematically shown in Figure 5.S-a. This wire is 
ground into a sharp needle, as shown in 5.S-b. A mill machine, Bridgepor-t Series J, 
and abrasive papers were used to make needles. In the process, a fine abras ive paper 
(#4000 grit) was fixed in the mill with a a ngle of about 15° between the surface of 
the abrasive paper and the centre axis of the wire that was fixed in the mi ll vert ically 
as shown in Figure 5.9, where the vice can move along Z axis automatically. The 
running speed of the mill was set at 4000 r-pm, and the feed speed of the vice was 
set at fairly low rate, about 1mm/ s. Tapping oil was used as lubricat ion instead of 
suds. After gri nding, the points of the ground needles were checked using an opt ical 
microscope to check they were smaller than 5 j.!m. If not, grinding continued. It 
should be mentioned that a smaller needle ti p was better fo r t he next step process. 
For the next step , a t urned brass bar, 25 mm in diameter and 25 mm in length, 
was turned by lathe and a 1 mm diameter hol along its axis was used as a jig. 
One end of th is j ig was fi nely polished using abrasive papers followed by a grinding 
pad with 1 micro diamond powder. By using this method, the finished surface was 
perpendicular to the centre line of the hole. 
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a) b) 
Figure 5.8: Needle production: a) original wire; b) ground needle. 
Pin chock 
Wire 
Vice 
Figure 5.9: Wire grind setup in the lvlill. 
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The next process step is to feed the polished needle into the hole in the jig and align 
the needle tip to the jig surface by gently press ing against a microscope slide, since 
the tip is eas ily broken by the glass side if it is pushed too hard as shown in Figure 
5. 10. Then, the needle was fixed in the hole using a drop of super glue, LOCT IT E®, 
applied from both sides, as shown in Figure 5.11-a. After the super glue had cured, 
the top surface was polished using a polishing pad loaded with 1 ,!m diamond powder 
until t he tip surface wa' about 3-5 times the AeA particle diameter. T he punch size 
was checked at regular intervals using a microscope about every minute to avoid over 
polishing the needle t ip. After polishing, t he punch, still fixed in the cylindrical jig, 
was as shown in F igure 5.11-b. 
Jig 
Push ~~~~~~--
Needle 
Microscope sl ide 
Figure 5.10: Neeclle tip alignment. 
In the final process, the jig was placed in a beaker filled with Acetone. The cured 
su per glue was removed by the Acetone after about 6 hours at room temperature, 
however it only took about 20 minutes if the beaker was put in an ul trasonic cleaning 
tank. After the super glue was dissolved from the jig, the pol ished punch as shown 
in Figure 5. 12-a could be taken out from the hole. Figure 5.12-b shows a typical 
example of the finished surface of a W/ Cu punch tip with a circular area about 20 
f.!m in diameter, which was used in the electrical tests on single particles. 
The process Row for punch production can be summarized as shown in Figure 
5. 13. 
III 
Turned brass bar 
Flat tip 
a) b) 
Figure 5.11 : Punch grinding: a) needle fixed in jig; b) polished punch fixed in the 
cylinder. 
Flat tip 
a) b) 
Figure 5.12: Completed punch: a) punch schematic; b) microscope image of a W ICu 
punch. 
Sharp point extension 
tip suitable to defonn 
an AeA particle ? 
Yes 
Figure 5.13: The punch production process. 
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5.3.4 Punch Assembly 
Normal nano- indentor tip is a diamond indenter glued onto a machined metal inden-
tor holder. Therefor , it is important tha t the punches used for the experiments 
a re mounted in a similar holder that it can be fi tted in the N anoTestTAI :-IIachinc. 
T herefore, in order to use the punches within the NanoTestTAI Machi ne, a modified 
indcnter holder is needed . The indenter holder is also used to ba lance t he pendulum , 
therefore the weight of t he holder fixed punch should be s imi lar to a sta nda rd inden-
tel' . The holder designed is shown in Figure 8.3 in Appendix 2. The punch assembly 
process is to insert the punch through the centre hole of the punch holder and tighten 
the 11 12 grub screw to fix it , keeping about l. 5 mm of the punch head protruding out 
of the hole. An assembled punch for the mechanical deformation of individual AeA 
particles is shown in Figure 5. 14. 
Figure 5. 14: An assembled punch for mechanical deformation . 
In the electrical resistance measurement experiments on individual particles, a 
more complex punch holder is needed to a llow FWR measurement as two electr ical 
connections are required to the punch a 'hown in Figure 5.15. One is a wi re connected 
to the point near to t he flat tip surface, since the nearer this point is to the tip , the 
better t he measurement , since the resistance of the metal par t between the connect ion 
point and the t ip is added in eries with the measurement. In order to achiev a good 
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contact between the wire and the punch, silver coated copper wires were used to 
make the connections. As shown in th figure, the electrical wire i. twisted around 
the punch tip and is connected to it by soldering or application of a conductive silver 
paint. The wi re is also glued to the side of the brass holder to prevent the liver 
paint from loosing. It was found that the. ilver paint was better than, oldering due 
to the oxidization of the tip surface resulting from the high temperatures of soldering 
compared to the painting at room temperature. The oxidized punch tip surface 
resulted in a high contact resi tance between the deformed part icle and the punch, 
such that there was no conduction measured in the experiment if the connection was 
made by soldering. The other electrical wire is oldered to the punch holder as shown 
in the figure. The wi re was soldered before the punch was fixed into the holder to 
prev nt the punch from oxidizing. 
Electrical w ire 
Figure 5.15: An assembled punch for electrical measurement. 
5.3 .5 B ase Stages 
Three materials were investigated for use to make the base stages for these experi-
ments. They can be divided into th ree types , base stages for alignment , base stages 
for mechanical deformation of AeA particles and base stages for the electrical tests. 
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A. Alignment Stage 
As soft metal, copper is an idea choice to make the base stage holder to cent re and 
align the punch without damaging its flat tip. A piece of copper, 30 mm in length , 
15 mm in width and 3 mm in t hickness, was glued on an aluminum base stage holder 
after the top surface was polished and finished by 0.5 J.Lm diamond grinder pad. 
B. Mechanical D efo rmation Stage 
The siz of the base stages for mechanical deformation was 75 mm in length , 25 mm 
in wid th and 1 mm in thickness . Glass is a rigid material with a smooth and fl at 
surface which is ideal fo r deforming the ACA particles against. Glass microscope 
slides, manufactured by MENZEL-GLASER, were used. The microscope slides used 
were purchased pre-prepared with an extra posit ive electrostatic charge on t he top 
surface. This resulted in st rong adhesion of the particles onto t he slide. 
C. E lectrical Test Stage 
Brass was used in the tests. Brass is the term used for alloys of copper and zinc in a 
solid solution. The brass used in th is research was C360, a machinable brass which 
has very good resistance to corros ion. Excellent conduct ivity, on the other hand , is 
the idea choice to make base stages for the electrical measurement of deforming ACA 
particles. The size of the base stages fo r the elect rical t ests was 46 mm in length, 20 
mm in width and 2-3 mm in thickness. Holes in the base st age 2 mm in diameter 
and 36 mm apa rt from the cent re were used fo r the attachment of the base tage on 
the base stage holder. A finely polished surface is needed and was prepared for the 
electrical measurements during the deformation tests . 
5.3.6 Base Stage Holder 
Three types of base stages was adopted in t his research to achieve the alignment, the 
mechanical deformation of ACA part icles and the electrical measurement of individual 
ACA particles undergoing deformation. Accordingly, three kinds of base stage holders 
with different base stage retaining mechanisms, were designed and manufactured to 
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hold the base stages within t he nanoindentor. The base stage holder for alignment 
is a turned aluminum , and super glue was used for the reta ining mechru1isms. It is 
not as complex as the stage holders for t he mechanical deform ation and the electrical 
tests although they have the same conn ction part used to hold them within the 
nanoindentor. 
In t he mechanical deformation experiments, a glass of t he microscope slide is used 
as the base st age. In order to readily change between slides coa ted with different 
particles, a custom base stage holder was made to hold the microscope slide a . shown 
in Figure 5.16, where the slide can be clipped on the top surface between the fi xed 
jaw and the movable jaw by turni ng t he fastener. The soft copper ba r glued to the 
edge of the fixed jaw is used to prevent t he glass slide from breaking. 
Fit to Nano Indncntor 
Figure 5.16 : Base stage holder fo r microscope slide. 
In the electri cal measurement experiments of AeA particles undergoing deforma-
tion , in order to measure t he joint resistance, a conductive material was demanded 
for the base stage. ill1d the base stage holder had to provide electrical connections to 
the base stage for the tests . A base stage, as designed in ma p 8.4 in Appendix 2, was 
used to hold the metal base stage as shown in Figure 5.17, where two tapped holes 
are used to fix the metal st age onto t he top surface by 1\1[2 screws. Two wires were 
soldered on the two gold plates that are fixed on the metal base by the screws as 
shown in the figure. To prevent the wires from moving and damaging the soldering 
connection, a metal prut was made to fi x t h two wires on t he side of the base holder 
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using a 11 [2 screw. 
Fit to NanoindenlOr 
Base stage holder 
Electrical wire 
Electrical wire 
F igure 5.17: Base stag hold I' for metal base stage. 
5.3 .7 D ata Acquis it ion 
The load and deformation can be recorded by the cont rol computer in the nanoin-
dentor , however which is not capable of measuring the electrical tests . There is no 
more data acquisition needed for the mcchanical deformation, however , additional 
data acquisition system is needed to rccord the mechanical deformation and electri-
cal rcsistance together in the electrical tcsts. 
In the electrical test, an Agilent 34970A Data Acquisition system with an Agilcnt 
34901A A/ D switching module were used to record the load force and deformation 
depth from analog outputs of the NanoTest™ Machine. In addition, Agilent 34901A 
module also has FWR measurement capacity which can be used to measure the elec-
trical resistance of individual AeA particles undergoing deformation. The logger has 
a 60 chrull1el/ second scan rate and whcn making FWR measurements automatically 
compensates for thermoelectric EMFs. Using this data acquisition system, th clec-
tri cal resistance was measured simultaneously with the load force and deformation 
depth and were automatically recorded by thc Agilcnt BenchLink data logger software 
in a computer connected to the loggcr through the RS-232 interface. 
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A Keithley 580 Micro-ohmmeter was also tried to measure the electrical resistance 
using FWR method , however it was found the measurement was not consistent if t he 
measurement vari ed from one range to another range. Therefore, only the Agilent 
34970A Data Acquisition system was used in the electrical tests. 
5.4 M ethodologies 
5.4.1 M echanical D eformation of AeA particles 
Experiments on the mechanical deformation of individual and multiple AeA pa rticles 
using the nanoindenter involved force controlled deformation of the particles, where 
the force was increased linearly with time and the resulting deformation monitored. 
The load force and the deform ation were recorded by the nano tester in control com-
puter. Several major steps can be identified in the procedure for t hese experiments. 
They are punch alignment , sample preparation, and particle deform ation. 
Punch alignment : The punch must be aligned before it can deform the particles 
accurately, because each different punch has a different tip diameter, and also the 
same punch can not be re-fixed into the same position on the machine fo r different 
experiments. There is a cross-hair on the TV screen in the NanoTest™ Mach ine, 
where a video image of the base stage surface acquired by a video camera in the 
microscope is displayed. The alignment process, that is, the microscope cross-hair 
positioning, is to firstly make an indenter mark on a soft copper base stage, and then 
locating the mark by using the microscope. Then the cross-hair is moved to the mark 
centre and the position saved in the computer. After th is process, the cross-hair can 
be used to accurately locate the position of an individual AeA particle on the base 
stage. 
Sample prepamtion: Sample preparation involved spreading the AeA particles 
onto t he base stages at a low enough density to ensure individual particles can be 
selected. In order to evenly spread the par t icles on the slide, thr e methods were 
tried. One was to spread the pa rticles u ing pure water and then dry them at room 
temperature. Another was to blow the particles over the slide using an air duster at 
a d istance of half a meter from the slide. The last method was to use a lens cleaning 
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paper to spread the particles gently and an ail' duster to reduce the particle density. 
The reason to use t he lens cleaning paper is that the cleaning paper is soft a nd made 
of long fibers, which avoids damaging the particles or leaving fine fibers on the glass 
during the spreading. After some practice, each method worked perfectly, but t he 
last method was mostly used in the experiment because it is easy to be controlled. 
Par·ticle deformation: In the experiment on the mechanical deformation of an 
individual AeA particle, the base stage holder with glass base stage was fi xed into 
the indenter machine in stead of the copper ba e stage and the ba e tage surface 
is moved into the microscope focal plane. The Ae A particles were then located on 
the base stage and an individual one was elected using the cros -hair. A te t i. 
then started after moving the base stage to the indenter posi tion . The mecha nical 
deformation process of an individual Ae A particle i ' schematically shown in Figure 
5.1. The base stage with the selected Ae A particle moves at a high speed unt il close 
to the indenter, and then moves at a much lower speed until it touches the punch . It 
then move back a short distance, a few micro meters, where the. llt'fac of the base 
stage with an AeA particle is fixed and then the punch moves from left to right to 
deform the particle. For multiple AeA particle deformation, a si milar process is used , 
but a larger punch with a tip about 45 ftm in diameter is used , and the cross-hair is 
positioned in the centre of a group of particle. 
5.4.2 Electrical Resistance of Deforming AeA Particles 
The procedure for electri cal resistance measurement of individual particles undergoing 
deformation is bas ically the same as for mechanical deformation. However , in the ex-
perim nt of the mechanical deformation , the deformation data is saved directly in the 
nanoindentor control computer, whilst for the electrical tests , the electrical proper ties 
as well a the mechanical deformation must be measUl'ed by foUl' channels, carrying 
the electrical resistance, the load force and the deformation respectively simul tane-
ou Iy. Therefore, four channels of the Agilent 34970A Data Acqui ition system were 
us d a nd connected to the analogue outputs of the indentor and t he clectri al test 
system fo r the measurements. Tw chann Is are for the FWR measurement and the 
other two arc for the load force and deformation respectively. The time between the 
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start of each scan is 0.01 s. 
The test configuration for electrical measurement is as chematically shown in 
Figure 5.18, where it can be seen tha t an AeA part icle is deforming between the base 
stage and the punch. The wi res on the punch and the metal base stage are fo r the 
electrical measurement using the F'vVR method. The connections of the FWR mea-
surement to the 34901 A module are shown in Figure 5.19, where R is the measured 
resistance. 
U+ 
Figure 5.18: Electri ca.l measurement. 
R 
I 
/ + / - u+ u-
H L I-I L 
~ ~ 3490 I A module 0 0 
Source Sense 
Figure 5.19: Connections of t he FWR measurement. 
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In order to have a detailed analysis on the configuration of the electrical measure-
ment, schematic cross-sections of the electrical connections are considered as shown 
in Figure 5.20, where R represents the resistance of the deforming Ae A part icle and 
the contact resistances between the particle and the contact metal surfaces. In the 
figure: 
• PI refers to the silver paint connection near to the punch t ip. 
• P2 is the solder connection on the pu nch holder. 
• P3 represents an electrical node. 
• RI is t he resistance of the base stage and the connecting wi res (U + and U -) 
between the joint area, where the part icle is deform ed on the base stage, and 
the sense of the measurement system. 
• R2 is an equivalent resistance to RI , but in seri es with the source section of the 
measu remen t system. 
• R3 is the resistance of the punch betw en the electrical node and the bottom 
surface of the punch tip. 
u+ 
V Sense (U) 
u-
1+ 
Source (J) t 
1-
Figure 5.20: The schematic cross-sections of the el ctricaJ c011l1ection . 
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• R4 is the res istance between the electrical node and the wire (U+) . 
• R5 is the resistance between the electrical node and the wi re (I +) . 
The equivalent circuit of Figure 5.20 is as shown in Figure 5.21, where it can be 
seen only R3 aft"ects the elect rical measurement. The formula of the equivalent circuit 
for R is: 
(5 .4.1) 
The length , I, of the metal part of the indentor tip that results in R3 is about 400 {Lm , 
the radius of the tip surface is 10 {Lm , and the electrical resistivity, p, of W /eu is 32 
J.LOcm. For the indentor tip taper angle of approximately 150 , R3 can be calculated 
as: 
pi . 
R3 = ? "" 1 mOo 
7r [1' + 7' + ~an(150 ) ] -
(5 .4.2) 
Therefore, the effect of R3 on the resistance mea 'urem nts i . negligible if the measured 
resistance is more than 100 mOo 
v 
U 
RI R4 
R2 R R3 Rs 
I -
f I '\ 
\. ./ 
Figure 5.21: Equivalent circuit of the circuit configura tion. 
In theory, there is another kind of configuration where the positions of the source 
and the sense of the 34901 A module as shown in Figure 5.20 are swaped. However, 
the large contact resistance resulted from t he silver paint at point Pt may affect the 
sense accuracy. Therefore, it is not llsed in this research. 
Chapter 6 
Results for the Particle 
Deformation Experiments 
6.1 Introduction 
In this chapter, t he results from the mechanical deform ation and res istance mea-
surement are introduced. These invol ve different series of tests on individual ACA 
particles. The purpose is to present the systematic research on the mechanical and 
elect rical characteristic of individual ACA joints undergoing deformation. 
In t he mechanical deformation, the typical results for mechaJ1ical deformation of 
individual ACA particles are presented, fo llowed by the effects of load rate, cycl ing 
load (dwell), and the presence of adhesive on the deformation. Compared with the 
individual particle deformation, results of mechanical deformation of multiple ACA 
part icles aJ·e also presented. 
In the res istance measurements, the results of typical electrical resistance of in-
dividual particles undergoing deformation a re given . The measurements also include 
the results fo r the tests of different punches, resistance stability and voltage and 
current properti es of a deformed ACA particle. 
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6.2 Mechanical Deformation Results 
6.2.1 Typical Results for Mechanical D eformation of Indi-
vidual AeA Particles 
In order to gain a basic understanding of the mechanical defo rmation of individual 
ACA particles, typical experiment results a re presented in this section as exam ples. 
As stated in Chapter 5, HSS and Ti punches were manufactured for the studies 
on the mechanical deformation of ACA particles . However, there was almost no 
difference between the results from ini tial tests comparing the HSS and Ti punches, 
and therefore only HSS punches were used for 80\\ of the mechanical defo rmation 
results presented in th is thesis. 
There were several initial user defined test parameter' for the NanoTest™ ma-
chine that affected the final experiment results, which were load rate, maximum load, 
dwell , initial force and depth gain. Load mte is the amount the load force incr ases 
in each second , which remains constant during each particle deformation test. The 
nano tester used in this research can only work in a load cont rolled mode, where the 
load increases/decreases at a constant rate during the test. Maximum load is the 
preset maximum load force that the load machine applies to the test samples. Dwell 
is t he time for which the load is kept constant after the ma.ximum load is reached. 
Initial jorce is the load force at which the machine starts to record the experimental 
data. Depth gain is a machine constant, and is the preset maximum distance that 
the machine can move the punch forward. The machine stops increasing load force 
when either the load force reaches the maximum load or the deforma.tion exceeds the 
depth gain. It was found that mechanical deformation at the same load rate was not 
a ffected by the other test parameters, if they were previously set to optimum val ues, 
although it took several tests to find their optimum values for each kind of particles. 
Two particle deform ation results, one for Type I and one for Type II part icles were 
sel cted a' typical experim nt r suit · and compar d with the direct indenta.tion of 
the punch on the microscope glass. The parameters for these typical experiments are 
listed in Table 6.l. In a typical experiment, tak ing Type II particles as an example, 
the load/ unload force versus time is as shown in Figure 6.l. Similar load and unload 
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processes were used for all of the mechanical tests, alt hough different load rates and 
maximum loads were used , for example, a 0.5 mN / s load rate and 20 mN m~'[imul11 
load were used for the Type I samples and 40 mN maximum load for the indentation 
on glass. 
Table 6.1: Experimental Parameters for Typical AeA Particles 
Load !"ate Maximum force Dwell J nitial f 01" ce Depth gain 
(mN/s) (mN) (s) (mN) (I'm) 
On glass 1 40 5 0.2 6.378 
T ype J 
Type 11 
Note : 
~ 
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50 
45 
40 
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u. 
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Figure 6. 1: Load versus t ime. 
Figure 6.2 compares the indentation of the punch directly on the glass slide with 
deformation tests on Type I and II particles. It shows t hat the indentation of the 
punch on the glass was much stiffer, and more linear than the deformation of the 
pa rticles, for example the particle deformation, f'.. d, was more than 3 ,Im for the Type 
II par ticle and the indentation on t he glass was only 0.75 1.lm when the load force 
was 30 mN. This suggested that the selection of the H SS punch and the microscope 
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slide was suitable for deforming the ACA part icles. The deformation profile of the 
Type II particle in the figl11'e showed that the deformation increased gradually as the 
load force increased , but the stiffness (load force/ deformation) was ini t ially low, i.e . 
for deformation up to 2 {tin, and then increased for deformations greater t han 2 J.!m. 
There was a sudden increase in deformation after t he deformation, 6.d, reached 57% 
of the original particle diameter, i.e. from 3.2 {tm to about 4.2 {tm, a.t which the load 
fo rce was 32 mN . Although the deformation rap idly increased by about 1 J.!1n, t here 
was almost no recorded change in t he load force , resulting in the hori zonta l line seen 
in the figure. It is assumed that the left end of the horizontal lines in the load profiles 
indicate the start of particle crushing, and this is referred to as the crush point in this 
work . However, since the machine was operating in a load controlled mode, the load 
may have actually dropped dlll'ing the crushing process, but this would have been 
hidden by the inertia of the pendulum. The load then ramped up until t he load force 
reached its set maximum, followed by the unloading process. 
60 l J I I 
- . - Type I particle 
50 - 0 - Type" particle 
- . - Direct on glass 
Z 40 
E 
~ 
Q) 30 u 
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LIP / )) I 
~~ ., J J ' :;.;...-, -" ID, J 
- - -o 
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Deformation (nm) 
Figure 6.2: Comparison of indentation of t he punch di rectly on the glass slide with 
particles. 
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Similar deform ation processes for a Type I particle can be seen in the figure, however 
the crush point of the Type I particle is much lower than the Type Il particle because 
the Type I pa rticle is smaller in diameter than the Type II part icle and also the 
material composition is different. Another difference identified i that there was more 
plastic deformation from points Dl to D2 after the Type I part icle was crushed as 
shown in the fi gure. 
There are two load ranges in the nanoindenter, high load model and low load 
model. High load model was used to deform Type II part icles , however it was not 
good to deform type I particles because very limited deformation data can be acquired 
in the shorter deformation. It wi ll take long time to test Type I particle in the low 
load model because more accurate deformation performs than in the high load model. 
Therefore, only Type II particles were used for the following single particle mechanica l 
deformation experiments, but Type I particles were used for some other experiments 
as expla ined later. 
6.2.2 The Effects of Load Rate on the M echanica l D eforma-
tion of Individual AeA P a rticles 
In the mechanical deform ation of individual AeA particles, the part icle deformation 
behaviour was found to be significantly affected by the loa.d rate. In order to g ive a. 
detailed understanding of the effects of load rate on the particle deformation, t hree 
different load rates, 0.5, 1 and 2 mN / s, were used in the experiments. In tota l 27 
experiments were conducted, as listed in Table 6.2, where 8 tests were for 0.5 mN / , 
11 tests were at 1 mN / s, and 8 tests were at 2 mN / s . The same initial load force, 
0.35 mN, was u ed throughout , but different maximum forces and depth gates were 
used in the experiments as detailed in the Table 6.2. 
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Table 6.2: Experimental Parameters for the Different Mechanical Tests 
Sample Load mte IvI C!xim"m load Depth gain S 07· F 
No.j I D (mN/s) (mN) (I-'m) 
T05 - 1 0.5 50 6.378 S 
T05 - 2 0.5 50 6.378 S 
T05 - 3 05 50 6.378 S 
T05 - 4 0.5 50 6.378 F 
T05 - 5 0.5 40 6.378 S 
T05 - 6 0.5 40 4. 783 S 
T05 - 7 0.5 40 4.783 F 
T05 -8 0.5 40 4.783 S 
TlO - 1 1 40 4.783 S 
TlO - 2 1 40 4.783 S 
TlO - 3 1 40 4. 783 F 
T10 - 4 1 40 4.783 S 
TlO - 5 1 40 6.378 S 
TlO - 6 1 50 6.378 S 
TlO - 7 1 50 6.378 S 
TlO - 8 1 50 6.378 S 
TlO - 9 1 50 6.378 S 
TlO - 10 1 50 6.378 S 
TlO - 11 1 50 6.378 S 
T20 - 1 2 50 6.378 F 
T20 - 2 2 50 6378 S 
T20 - 3 2 50 6.378 S 
T20 - 4 2 50 6.378 F 
T20 - 5 2 50 6.378 S 
T20 - 6 2 50 6.378 F 
T20 - 7 2 50 6.378 F 
T20 -8 2 50 6.378 S 
Note : S:Exper l ment succeeded; F:Experlment f alled . 
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A number of tests were considered to be unsuccessful , as the results were radically 
different to the majority of result ·. For example, two results (T05-4 and T05-7) out 
of the 8 tests for the load rate of 0.5 mN / s were very different from the rest as shown 
in Figure 6.3. For one result, TlO-3, in the tests at 1 mN / s, reults characteristic of 
indentation directly on the glass were recorded. Four tests, T20-1 , T20-4, T20-6 and 
T20-7 at 0.5 mN/s, also fa iled , since only indentation on the glass was found. These 
five results may be due to the particle slipping out of the punch. 
16 
14 
12 -o- TDS-4 
-
-x- TOS-7 
Z 10 E 
-Cl> 8 <J 
~ 
0 
... 
'0 6 
IQ 
0 
...J 4 
2 
0 ,-
x 
0 1000 2000 3000 4000 5000 
Deformation (nm) 
Figure 6.3: R su its of T05-4 and T05-7. 
The successful test results a re plotted in Figure 6.4. These results show that the 
deformation b haviour of the particles was different when different load rates were 
II ed. For each load rate. the load curves vary sign ificantly in terms of the average 
load/ displacement at which crushing occurs, a lthough there was substantial va riation 
between indi vidual results. 
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Figure 6.4: Succeeded test results. a) load rate at 0.5 mN/ s; b) load rate at 1 mN/ s; 
c) load rate at 2 mN / s. 
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6.2.3 Dwell Effects on the Mechanical D eformation of Indi-
v idual Particles 
Metal coated polymer Ae A part icles have been previously shown to have visco-elast ic 
propel'ti S [23]. However there a re little detailed studies reported on the visco-elastie 
properties of Ae A particles, especia lly indi vidual Ae A particles. Therefore, experi -
ments were carried out to examine the vi 'co-clastic properties of individual polymer 
cOt'ed Ae A part icles. The experimenta l parameters for t he experiments a re listed in 
Table 6.3. 
Table 6.3: Experimental Parameters of Dwelling 
PaI·tide type JJ 
NI aximum load 15 mN 
I nitial load 0.35 mN 
Load/ unload m te 1 mN/s 
Numbe7'S of load cycles 10 
Unloading percentage 40%, 60%, 80% 
Dwell peTiod at maximmll load 60 s 
Dwell peTiod at % unload 60 s 
Figure 6.5 schematically shows the loading history fo r a dwell test, where unload-
ing percentage refers to the value of (minimum dwell load) /(maximum dwellloael). 
Maximul11 dwe ll 
-M inil11um dwell 
Time 
Figure 6,5: Schemat ic dwell load. 
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Typical results for unloading percentage at 40%. 60% and 80% are plotted in Figure 
6.6, where the left vertical 3.-'Cis is for the deformation and the right is for the load 
force. The dashed black line is 60% unloading, the solid black line is t he defo rmation 
for 60% unloading, the blue dotted line is the deformat ion for 40% un loading and the 
red dashed line is for 80% unloading. Taking the results cycled with 60% unloading 
as example, it can be seen that the deformat ion cycled with the load, although the 
deformation response in each dwell at ma-xi mum and percentage load was lightly 
different a· illustrated in t he figure. The maximum deformation was about 2660 nm 
at the cnd of the ma-x imum load dwell in the sixth cycle, while the lowest deformation 
during un loading was at the end of the first cycle dwell and was about 2455 nm. The 
experiments with different unloading level cycled in a similar way, although the cycl ic 
change in deformation was higher for the 40% unload and smaller in the 0% unload. 
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Figure 6.6: Results for load cycl ing to different unloading percentage. 
T he deformation during the m3.-'Cimum load dwell for the 10 cycles are plotted 
in Figure 6.7, for 60% unload, where the numbers indicate the cycle number of the 
maximum load dwell. The 9 cycles of deformation during the minimum dwell are 
plotted in Figure 6.8. 
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Figure 6.7: The 10 cycles of deformation during the maximum load dwell. 
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They show that the deformation increased during the maximum load dwell and de-
creased during the minimum load dwell. The larges t differences in the dwell defor-
mat ion were between the first cycles and the other cycles as shown in the figures. In 
the other word, t he cycles except the first cycles were deformed almost in the same 
ways. 
6.2.4 The Effects on the Mechanical D eformation of Particles 
of the Presence of Adhesive 
In the bonding process for ACA assemblies, t he part icles are surrounded by liquid 
adhesive resin while being deformed between the bumps and pads. Therefore, it is 
important to understand whether the deformation of the particles is a ffected by the 
liquid adhesive, e.g. by its lubricating effect on contact between the particle and 
bump/ pad or the deformation effect on the particle crush . In a real assembly process, 
both particles and resin will typically be heated and t he adhesive viscosity will change 
rapidly wi th temperature due to cure. However, at t his time the facilities are not ready 
fo r performing a high temperature test, although it is possible to deform the particles 
in liquid adhesive at room temperature. This has the advantage that the viscosity will 
not change significaJltly over the time of the experiment. Bis[glycidyloxphen] methane 
adhesive resin supplied by ALDRICH was used for this experiment. This kind of 
adhesi ve is the bas ic material in epoxy resin based ACA adhesives. It is a visco 
liquid at room temperature if not blended with haJ'Cleners. The molecular formula is 
C,9H200 4, and its chemical structure is shown in F igure 6.9. The viscosity of this 
material at 25 °C is 2000-3000 m Pa· s . In the experiments, the adhesive was spread 
in a thin layer on the microscope slide after t he particles were coated on 
~o o~ 
o o 
Figure 6.9: Resin chemical structure. 
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the surface using a small piece of glass. It was best to prepare the samples just before 
the experiment , since the adhesive was found to harden after a couple of hours if 
exposed to ai r. 
In order to investigate the adhesives effects on the particle deformation, fifteen 
samples were tested, all at a temperature of 25 °C. The experimenta l parameters 
are listed in Table 6.4. A successful experiment was considered to have occurred 
if the crush process was detected, therefore it was labelled as S if crushing was 
recorded in the experiment , otherwise it was labelled as F. Of the first four tests at 
a mau'{ force of 50 mN, three failed a no crush points was found in the results. This 
shows that the ad hesive coated part icles appear much st ronger than those deformed 
dry i.e. without the adhesive coat ing as can bc seen in Figure 6.4-b all samples 
without adhesive crushed at force less than 50 mN. T herefore, higher maximum 
load forces of 60 mN, and 80 mN were used in the subsequent experiments. Some 
fu rther experiments were found to be unsuccessful duc to no particle deformation 
being detected. Hence, the experiment results can be divided into three catalogues: 
seven successful tests, t hree unsuccessful tests including particle deformation but no 
crushing, and fi ve unsuccessful tests due to failure to deform the particle. 
Table 6.4: Parameters for the Adhesive Effects Experiments 
Samples Load ,·ate Maximum !01·ce Initial ! orce S m' F 
(mN/ s) (mN) (J.Lm) 
T-ROl 1 50 0.4 S 
T-R02 1 50 0.4 F 
T- R03 1 50 0.4 F 
T - R04 1 50 0.4 F 
T - R05 1 60 0.4 S 
T - R06 1 80 0.4 S 
T-R07 1 80 0.4 S 
T-R08 1 80 0.4 F 
T- R09 1 80 0.4 S 
T - RlO 1 80 0.4 F 
T-Rll 1 80 0.4 S 
T - R12 1 80 0.4 F 
T-R13 1 80 0.4 S 
T-Rl4 1 80 0.4 F 
T-R15 1 80 0.4 F 
Note: S:Experlment succeeded ; F :Experlment falled. 
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The resul ts for the seven successful experiment a re plotted in Figure 6.10. It can 
be seen from the figure that the crush forces were higher than for the dry experiments 
shown in Figure 6.4-b , although the profiles are simila r. The highest crush point was 
about 60 mN. T he deformation at the crushing point was also found to be bigger 
t han the results without adhesive coating on the base tage. The three unsuccessful 
tests includ ing particle deformation are plotted in Figure 6.11. It shows that the 
deformations were as opposed to be smooth, however no cnl hing can be seen. Figure 
6.12 shows the other five unsuccessful experiments from the following nine tests. The 
green curve plot ted is for indentation on the microscope slide directly without adhesiv 
coating. Compared to the green curve, the fi ve tests were similar, but much stiffer, 
with almost no plastic deformation during loading and unloading except for test B 
(the red plot), which is almost same shape as the green curve. although a higher load 
was applied. Three very 'imilar resul ts, C, D an I E were acqui red as shown in the 
inset figu re in the fi gu re. These results were believed to be caused by indentation on 
the adhesive coated microscope glass directly or indentation on the glass after missing 
the particle, because their load pr file were almo t 'ame as re ul t A, blue plot in 
Figure 6.12, if not considering the initial force, 
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Figure 6.10: Mechanical deformation of particles within adhesive resin. 
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For test A it is believed that the particle to be tested moved out from under the 
punch tip after the initial force was reached as the punch moved forward against 
the glass base stage, and consequent ly the punch then moved quickly by about 4.5 
I!m to indent on the glass in the adhesive. Experiments C, D, and E could be the 
same process as experi ment A, however the nano-indenter machine failed to record 
the part icle moving from under the punch t ip since it moved before the load reached 
the initial load force of 0.4 mN. 
6.2.5 Mechanical D eformation of Multip le AeA Particles 
Mechanical defo rmation of multiple ACA particles was carried out in this study to 
compare the mechanical deformat ion of individual and multiple part icles. In order to 
catch more than one particle using the H SS punch, the smaller Type I particles were 
used in th is experiment and one particle, two, three and four particles were tested. 
The experiments are listed in Table 6.5. A ma;'(imum load of 20 mN was used in 
the one particle test, 50 mN was used in the experiments on two and three particles , 
and 60 mN was used in the four pa.rt icle experiments. T he experiments were quite 
successful except the two part icles experiments, in which, two tests fai led. 
Table 6.5: Experimental Parameters fo r Multiple Part icle Deformation Experiments 
No. of Load ,'ate NI aximum force I ntitial force No. of No. of 
particles (mN/s) (mN) (mN) tests f ailed tests 
1 0.5 20 035 5 0 
2 0.5 50 0.35 5 2 
3 0.5 50 0.35 5 0 
4 0.5 60 0.35 5 0 
Note : Same HSS punch was used; the load was total load on partlcl es 
In order to compare the deformation of multiple part icles with the deforma.tion 
of individual particles, fi ve experiments were firstly completed fo r the mechanical 
deformation of one particle and the results are plotted in Figure 6.13. It can be een 
that the particles were crushed when the deformation was between 1700 nm and 2000 
nm, that is between 42% and 50% of the original particle size, and the crush load 
force was smaller than 10 mN in all of the experiments. 
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Figure 6.13: Deformation of onc part icle. 
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Compared to indi vidual part i les found in the onc particle experiments, mult iple 
particles , i. e. two particles or more, were ra rer to be found on the microscope slide 
close enough together to fall under the punch tip, bu t separated from other p31·ticles 
sufficiently that there was no risk of the punch inad vertently pressing on add itional 
particles. Therefore, it took significant time to find a suitable group of p31·ticles. In 
the fi ve experiment on two p31ticle . two test were considered to have failed , as 
shown in Figure 6.14. In the inset figure, it can been that the profiles of the two 
fai led tests w re simil31' to the curves for single p31-ticle deformation shown in Figure 
6.13. Therefore , the failure was considered to be caused by only one particle being 
deformed due to one particle sliding out from under the punch tip . The other three 
results were believed to be the deformation of two particles together. Compared to 
the single particle deformation , it C311 be been that crushing occurred at a higher load 
force and were not as distinct as in the single particle deformation. 
The experimental processes for three particles were similar to two particle de-
formation. The difference was the need to find three part icle close together in a 
triangular pat tern , instead of two p31ticle side by side, to minimise the risk of par-
ticles from pushing out from under the punch during deformation. The results for 
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Figure 6. 14: Deformation of two particles. 
three particl · deformation are shown in Figure 6.15. All five three particle deforma-
tion experiments succeeded. Compared to the one and two particle deformation , the 
crushes occurred at a much higher load force and the curve shapes were similar to 
those for the two particle deformation. The highest crush force in the plot is about 
25 mN when the deformation was more than 2000 nm, 50% the original particle size. 
Th is suggested that both a higher load force and a deeper deformation were needed 
to crush particles if more part icles were caught and deformed in the multiple particle 
experiments, however it may be an effect of scatter in the particle size. 
For the four particle deformation experiments, fou r particles in a quadrilateral 
pattern were selected , and the deform ation centre was pointed at the centre of the 
quadrilateral. All five tests were successful and the results are plotted in Figure 6.16. 
Th curves are imilar to the results for the th ree particle deformation except that 
the cru h point are even less distinct. as shown in Figure 6.15. 
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Figure 6.16: Deformation of four particles. 
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In conclusion, the test results show that the deformation behaviours of the mul-
tiple particle deformation were different . For each experiment, the load curves vary 
significantly in t erms of both the load and displacement at which crushing occurs. 
The sti ffness per particle also varied for higher deformations, particularly in t he four 
part icle experiments. Typical loading and unloading curves for multiple particles tests 
are shown in Figure 6.17, wh ich compares the different experiments where the results 
selected are for where the deformation is near to the mean value for the respective 
multiple pa rticle experiment and the load force i · divided by the particle numbers. 
The results for the two particle experiments were not plotted in the figure due to the 
inconsistent results acquired. It can be seen that for higher numbers of particles, the 
greater the deformation before the particles were crushed. In addition , t he crushing 
became less abrupt as the number of particles deformed increa ed, and pa rt icularly 
in the four particle experiments , the crushing was very indistinct. 
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6.3 Results of Electrical Tests 
6.3.1 Typical E lectrical R esistan ce of an Individual Particle 
U nder going D eformation 
In t his experiment , a WICu punch and HSS punch, the brass base stage, and the 
Agilent data logger, were used as described in the previous chapter and the elect rical 
configuration of these tests was also as described in that chapter. In order to establish 
the typical electrical resistance of individual AeA part icles undergoing deformation , 
fi ve tests were performed. The load force versus t ime for the tests is shown in Figure 
6.18. It can be . een tha t the load and unload rate was 1 mN Is , the ma.ximum load 
force was 60 mN, and the dwell time was at the ma.x fo rce 5 s . 
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Figure 6.1 : Load cycle for electrical tests. 
In order to provide a detailed understanding of the elect rical tes t results, one test 
is selected as an example to be presented in detail. The load force versus deformation 
is shown in Figure 6.19 , where the m·chanical defo rmation is similar to the results 
measured in the mechanical deformation experiment although W ICu punch was used 
to achieve the electrical test . It can be seen that the par ticle started to crush when 
the deformation reached about 2750 nm, i. e. 48% of the original particle size. T here 
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appears to have been another small cru 'hing event or perhaps initiation of cracks 
when the load force was about 45 rnN and the deformation was about 2600 nrn, where 
the 'crushing deformation ' was about 125 nm, much smaller than typical cru 'hing 
deformations of about 1000 nrn. It was found generally in the electrical experiments 
that the deformation process included a main crusbing deformation with or without 
ev idence of smaller crushing or cracking events detected from the load curve. This is 
similar to a typical mechanical deformation experiments on individual AeA particles. 
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Figure 6. 19: Load force versus deformation for an electrical test . 
The results of the deformation versus time and the resistance versus time results 
are plotted in Figure 6.20, where the left vertical ax is is for the deformation and 
the right axis indicates the joint resistance of the test particle. It can be een that 
up to 55 the particle deformation increased in a non-linear way with time whil t 
the joint res istance reduced. The mall jump in the deformati n visible in Figure 
6.19 can be seen to have occurred when the time was about 45 s, and clearly there 
was no effect on the joint resistance when this small jump happened. However, an 
abrupt increase in the joint resistance occurred when the time reached about 55 s. 
This abrupt increase in the joint res istance was due to the particle crush ing, where 
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Figure 6.20: Deformation and joint resist811ce versus time. 
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the pressure between the metal base stage/punch surfaces 8l1d the deformed particle 
was released suddenly. The deformation reached its highest level when the load was 
at its maximum 60 mN, no joint resistance variation was observed during the 5 s 
dwell at maximum load . In the unloading process, commencing at 65 s, the particle 
deformation reduced as the time increased and the joint resistance increased at fairly 
low rate until the final stage of the unloading process. 
The resi tance versu deformation is shown in Figure 6.21. It can be seeD that 
the joint re istance reduced as the deformation increased unti l the lowest resistance 
wa' measured when the deformation was about 2750 nm, the crush point as shown 
in Figure 6. 19 , after whicl1 the joint resistance increased slightly during the crushing 
deformation. The joint resistance then increased grad ually during unloading. 
The resul ts of the five electrical tests are shown in Figure 6.22, where test 2 was 
the one selected as the typical result shown above. These results are from the point 
of first contact up to the deformation at the crush point or the maximum load if 
no crushing wa detected. It can be seen that generally similar resistance versus 
deformation b haviour was measured. although the start points and the end points 
were differ nt . 
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6.3.2 Electrical R esults for Different Punches 
[n ord er to have a comparison between the punch material effects on the electrical 
performance of a single AeA joint. Te ts u 'ing H SS punch were also performed , 
the typical resul ts are plotted in Figure 6.23 , where the left verti cal axis i for the 
deformation and the right vertical ax is is for the joint resistance. It was found that 
the joint resistance recorded in the deformation , as shown in the figure, was not as 
consi tent as that using the IV leu punch, as shown in Figure 6.20, at load rates of 
1 mN Is. It is believed this is because the conductivity of H SS is not as good a 
W leu and also the polished su rface of the H SS punch was much smoother than the 
wleu punch as shown in Figures 5.6 and Figure 5.7, result ing in a higher contact 
resistance. T he relative rough W leu punch tip i considered better than the H SS 
one, b cau'e the small points on the rough surface can break the oxide layers more 
easily, thereby reducing the contact resistance. 
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Figure 6.23: Joint resistance versus deformation at a load rate of 1 mN Is . 
The joint resistance recorded using t he H SS pllnch was fOllnd to be affected by the 
load rates. Ther fore, two kinds of experiments were conducted to compare between 
the electrical results when the pa rticles were undergoing deformation at load rates of 2 
mN Is, and 0.5 mN Is and the re ult measured at load rates of 1 mN I . In the tests, 
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the initial load was 0.35 mN, dwell time was 5 s, and the maximum load was 70 mN. 
The typical results are selected and plotted in Figure 6. 24, where the left vert ical axis 
is for t he deformation and the right vertical axis is for the joint resistance. In Figure 
6.24-a, the initial joint resistance varied around 40 n. and then jumped to about 10 
n when the load time was about 10 s and the deformation was about 3300 nm. It 
is believed that some initial deformation was needed to acquire a good sta tionary 
contact between the punch and the part icle, and between the particle and the base 
stage in load rates of 2 mN Is. po sibly due to the need to penetrate on oxide film 
on the punch. After the sudden drop in contact resistance it remained stable as the 
load increa ed further. The ituation was better for a 1 mN I s load rate , as shown 
in Figure 6.23 , however there was. t ill a sudden resistance drop, from more than 40 
n to about 15 n. during the ini t ia l deformation stage. More stable joint resistanccs 
were recorded when a 0.5 mN Is load rate was used, as shown in Figure 6.24-b. No 
obvious sudden drop in resistance was found during the deformation before crushing 
at 4000 nm. The result was similar to the onc 'hown in Figure 6.20 obtained using 
the W ICu punch, but the joint res istance at 40% of deformation was about 7.512 , 
much bigger compared than the 1.5 n achieved with the W ICu punch. 
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Figure 6.24: Joint resistance versus deformation at a load rate of a) 2 mN / sand b) 
0.5 mN/ s. 
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It can be seen that low load rate was needed to achieve consistent joint resistance 
in the deformation if the H SS punch was used. Therefore, five tests at a load ra te of 
0.5 m N I s using the H SS punch. as plotted in Figure 6.25, were selected to compare 
with the tests measured using W leu punch. In the figure. Test 2 is the typical resul t 
selected earlier. T he electrical test results shown in the figure a re imilar to those for 
the W leu punch in Figure 6.22 except that the joint resistanccs measured using the 
HSS punch were higher than those for the W leu punch. Some vibrat ions were found 
in t he te ts a hown in Figure 6.25. One thing can be noted in these two tests is that 
not every test was found to have a distinct crushing event unlike these ident ifiable in 
the deform ation versus time plots in Figure 6.20 and Figure 6.24-b. The ab 'ence of 
crushing is believed to be because the brass base stage was used instead of glass . The 
brass is much s fter than glas', and the particles can indent into the base to some 
degree wh ich in some cases may have prevented the stress from concentra ting in the 
deformed particle to as high as tha t induced in the particles deformed on a glass base 
stage, thereby preventing them from crushing. Thi can al '0 be u 'ed to explain the 
short cushing as hown in Figures 6.23 and 6.24-a , where cru hing was found to start 
from about 4200 nm deformation and cont inued for about 500 nm, shorter than those 
deformed in the mechanical deformation experiments. 
30 
27 
24 
E 21 
.J:: 
o 
~ 18 
ell 
u 
~ 15 
.... 
.!!l 12 
VJ 
ell 
~ 9 
c: 
o 6 
-, 
3 
o 
L 
- - - Test 1 
~ ill" - - Test 2 
- Test 3 
1 ' - - Test 4 
.~~ " ~. - 0 - Test 5 
~.I • ..~ § "'-
~ == ~ 
, 
o 500 1000 1500 2000 2500 3000 3500 4000 4500 
Deformation (nm) 
Figure 6.25: Five electrical test results using the H SS punch at 0,5 mNIs. 
151 
6.3.3 Resistance Stability Tests on Individual AeA Particles 
When electronic components are assembled using an AeA, the conductor particles 
are deformed to a certain degree during the thermal bonding and then held between 
the bumps and pads by the cured adhesive. Additional shrinkage induced forces 
may also be induced by the curing of the adhesive during bonding. Therefore, it 
is very important to know if the electrical contacts are stable or not in an AeA 
joint. Experiments on the stability of the resistance of individual AeA particles were 
therefore designed and carried out by using an extended dwell time at maximum load. 
The experimental parameters are listed in Table 6.6 . 
Table 6.6: Experimental Parameters for the Resistance Stabi li ty Tests 
T ests Load Tate AI aximttm force J nitial f 07'Ce Dwell S 01' F 
NO·l iD (mNl s) (mN) (mN) (s) 
ST- 01 0.5 10 0.3 60 S 
ST- 02 0.5 10 0.3 60 S 
ST - 03 2 10 0.3 60 S 
ST - 0'1 2 10 0.3 60 S 
ST-05 1 10 0.3 60 F 
ST-06 1 10 0.3 60 F 
Note: S:Exper1ment succeeded ; F:Exper1ment fa11ed. 
The \!if /eu punch was u ed in the tests. The tests at load rates of 2 and 0.5 
mN/ s were succeed, however the tests at 1 mN/ were considered failed. There was 
no resistance recorded in ST-05 , and there was crush event found in ST-06. Therefore, 
ST-05 was not presented. A typical result . ST-03, is selected to detail how the test 
worked in this study. The load force versu deform ation for this test is shown in 
Figure 6.26, where the dwell started when the deformation was about 1600 nrn and 
ended when the deformation was about 1700 nm, i. e. around 30% of the particle size. 
That is, fu rther deformation occurred during the dwell period , and the deformation 
cont inued from reaching the maximum load time 5 s to 30 s , and then almost no more 
deformation was detected in the following dwell as the deformation versus time curve 
shown in Figure 6.27, where the left vertical line is for the deformation and the right 
line is for the joint resistance. However, almost no variat ion in the joint resistance 
was found during the dwell except in the first and last 5 s as shown in Figure 6.27. 
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These results indicate that the joint resistance was stable after no more deformat ion 
occurred in the dwell period , but the joint resistance does increase if the hold ing load 
is released, as shown for the unloading stage in the figure. 
Th e successful and ST06 results for the experiments listed in Table 6.6 are plotted 
in Figure 6.28. The results show that the joint resistances were different when different 
load rat s were used. Stable joint resistanc s were found during the dwell fo r all of 
the four successful experiments, but lower join t resista nces were found in the high 
load rate tests (2 m N I s) than in those at a low load rate (0.5 mNIs) . 
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6.3.4 Voltage and Current Properties of a D eformed ACA 
Particle 
Voltage versus current (VI I) measurements on a deformed ACA particle were con-
ducted in t his research to study the VI I propert ies of individual ACA joints. A 
\!if l eu punch, polished brass base stage and Type II part icles were used in t his study. 
A DATA PRECI ION-8200 current source was used to supply the current and the 
Agilent data logger was used to moni tor the experiment proce s. The experimental 
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'etup is listed in Table 6.7. 
Table 6.7: ExperimentaJ Pa.ra.meters for V/ I Experiments 
Pm'ameteT Unit Value 
Load Tate (mN/ s) 1 
IvI aximum load (mN) 35 
Initial J OTce (m N ) 0.35 
Dwell time (s) 600 
Stm·t time (s) 128 
End time (s) 438 
Note : I The t 1me of t he flrs t , ndent er record 1S 0 I 
The experimental procedure was that the particle was deformed up to m<L'(imum 
load 35 rnN at a load rate of 1 rnN / s, and then dwelled for 10 minutes, as shown in 
Figure 6.29. More deformat ion and some crushing events are found in the initia l dwell 
as shown in the figure. T he V/ I measurement was performed during that part of the 
dwell between the two red vertical line , from about 128 s to 440 s. The current , L 
was applied using the current source and was manually switched in steps of 0.1 rnA , 
approximately every 10 seconds from 0.1 rnA to 1.6 mA, and then back to 0.1 rnA , 
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as shown in Figure 6.30 , which is plotted from data recorded by t he data acquisit ion. 
The voltage as recorded by another channel of the data logger is shown in Figure 
6.31. Com pared to the applied current , there were sign ificant random Auctuations 
in the measured voltage, which is believed to be due to noise picked up by the data 
acquisition system. 
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Chapter 7 
Analysis and Discussion of the 
Particle Deformation Results 
7.1 Introduction 
In t his chapter, the particle deformation results as presented in Chapter 6 are analysed 
and discussed. In order to interpret and analyse the experimental results, mathemat-
ical and statistical methods are used and the discussion is illustrated in formulas or 
figures. 
The analy is and discussion of the mechanical deformation of individual particles 
are presented firstly, including the strain versus stress analys is, load rate effect. 
visco-elastic deformation, and the effects of the pre ence of adhesive on the particle 
defo rmat ion. Then the mechanical deform ation of multiple ACA particles is discussed. 
Next, the ty pical electri cal resistance of a 'ingle particle undergoing deformation 
is discussed, followed hy the analysis and discussion of the resistance stabil ity tests, 
the resistance te ts with different punch materials, and the V/ I behaviour tests . 
At the end, the merits of t he experimental results are summarized. 
7.2 M echanical D eformation of AeA Particles 
The results of the loading and unloading experiments fo r single ACA particles suggest 
that the effects of the test parameters on the particle deformation is compl x. This 
complex behaviour is believed to be a function of the size of the particles, their spher-
ical g ometry. and their materials. The particle are mall , and th slU'face rough ne s 
157 
158 
of t he stage, the punch and the par ticles may have been la rge enough to a ffect the 
deformation process. Deformation of a ball is complex, since t he stra in is localized 
in very small areas of the part icle when the compression sta rts , t hen t he materi als 
near the contact point begin to deform. Finally, t he presence of the metal layers 
also increased the complexity. During deformation, perhaps the metal layers fi rstly 
stretch , then cracks initiate and grow in the metal layers , followed by the initiation 
and growth of cracks in the polymer, and fin ally t he crushing of the particle. Si-
multaneously, plastic deformation occurs throughout the whole deformation process. 
Furthermore, the polymer materials used in the part icle core have a visco-elastic na-
tu re [23], where the local strain rate (which is dependant on how fast the machine 
chaJ1ges the deformation of t he pa rticle) is important. These effects a.re a combina-
tion of geometrical non-lineari ty (large d isplacements and st ructural contact) , and 
materi al non-linearity (visco-elasticity, plasticity, fractu re a nd ha rd ning/softening 
properties of t he polymer core during deformation ). A typical particle stiffn ess vari-
ation with displacement curve is shown in Figure 7.1 , where t he slope of the load 
versus defo rmation curve indicates the part icle stiffness at tha t deformat ion. 
0.030 60 
- 0 - Stiffness 
0.025 
-- Boltzmann fit 50 
-- Load force 
~ 
E 0.020 40 ~ 
.!: z 
z E 
.s 0.015 30 Cl> 
'" 
0 
~ 
'" 
0 
Cl> .... 
c: 0.010 20 '0 
:t: CO 
:;; 0 
t/) 
...J 
0.005 10 
0.000 0 
o 500 1000 1500 2000 2500 3000 3500 4000 4500 
Deformation (nm) 
Figure 7.1: Stiffness of a typical AeA particle undergoing deformation. 
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This particle sti ffness was calculated as a moving average over 7 data points in order 
to red uce short term fluctuations due to measurement noise. It can be seen that the 
st iffness increased as the deformation increased, but that at high levels of deformation 
the rate of increase dropped. indicat ing that changes in the material behaviou r were 
starting to take place before crushing occurred. 
A typical mechanical deformation 0 [" an individual AeA particle can be helpfully 
considered as occurring in four stages, as hown in Figure 7.2. 
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Figure 7.2: Stages of particle deformation. 
Stage I (initial deformation): Initially the deformation is approximately propor-
tional to the load force applied until the deformation degree reached approximately 
25%. Then the particle stiffness was rising well before a deformation of 2000 nm, 35% 
of the original particle size, as shown in Figure 7.1, because the initi al deformation 
started from a point. and then the point increased into a circular area and grew larger 
and larger a the load force increased. but was st ill small compared to the particle 
diameter. It can be concluded that the deformation was mainly concent rat d in the 
contact area in this step. 
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Stage If (jmther- dejormation) : This stage started at about 35% particle deforma-
tion, and continued until it reached about 55%. The stiffness increased significantly 
during th is stage as shown in Figure 7.2, since the deformed contact area became 
larger compared to the particle. Therefore, the shape of the deformed particle be-
came more like a deformed cylinder, rather than a sphere. However, the rate of 
increase in ti ffness was getting smaller before the particle was crushed as shown in 
Figure 7.1. This is believed to be because small cracks initiated in the polymer befor 
crushing. 
Stage If! (crushing) : In this stage the deformat ion rap idly increa ed from about 
55% to around 72%. The very low stiffne s during this stage of deformation suggested 
that the particle was crushing in this step. 
Stage I V (post crushing) : In this stage, t he load ramped up until the load reached 
the m8..ximum fo rce (50 mN), followed by the unload ing process as shown in the 
figure. The particle had been crushed thoroughly, and the particle remai ns were very 
stiff and had almost no further plastic deformation as the unloading data shows. The 
unloading process is similar to the unloading of the indentation directly on glas . as 
was shown in Figure 6.2. 
It was found that the particle were crushed after the experiment , as shown in 
Figures 7. 3 and 7.4. Figure 7.3 shows fi ve crushed part icles imaged by SENI. It can 
be seen that th crushed part icles had a simi lar pattern , however only the second 
one [rom the left clearly showed almost all of the crushed particle remains, while the 
others only showed some pieces of the crushed particles. It is believed that some 
crushed parts dropped from the base stage after the punch was removed from the 
deformed particles. A detailed image of the second from the left crushed particle in 
Figure 7.3 is shown in Figure 7.4. 
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FigUl'e 7.3: SElVI of crushed AeA particles. 
Figure 7.4: SEM of a typical crushed Ae A particle. 
7.2.1 Strain Versus Stress 
It is very difficult to directly measure the s tra ins and stresses within individual AeA 
part icles undergoing deformation becau e they are so mall (5. 75 J.Lm in diameter for 
Type II particle for example). Therefore methods to estimate the stra in and stress in 
a deforming particle are introduced in t his section. In the calculation , the stress in 
the contact area i taken a. t he stres wi thin the deforming particle, and the pa rt icle 
deformat ion degree, c:"d/ cl , is adopted as the average st ra in , as shown in Figure 7.5. 
These can only approximately represent the induced train and stress in the particle 
"0 
"0 
<I 
Figure 7.5: Deformed resin of an AeA particle. 
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undergoing deformation, becau e the real strain and stress distribution within the 
particle is uneven. The stress, a, within the contact area can be defined as: 
F 
a= RO ' 7T - (7.2.1 ) 
where F is the load force and R is the rad ius of the contact circle area. The average 
strain, c, throughout the particle can be defined a': 
t,.d 
c = k = Cf' (7.2.2) 
The radius of the contact area can be est imated if the part icle deformation degree 
and the particle diameter are known. If it is assu med that the particle volume does 
not significantly change du ri ng the deformation process, then the original sphere 
volume, V sphere, of the particle is equal to the defo rmed solid volume, v,/e!ormed, of the 
deforming particle: 
4 d 3 
Vde/ormed = Vsphere = 3' 7T" ( 2) . (7.2 .3) 
Figure 7.6-a shows a deformed particle, whose cross-sectional profile in the yz-plane 
is assumed to be as illustrated in figure 7.6-b. As the illustration shows. the cross-
sectional profile consists of a rectangular area and two semi-circular areas. The length 
of the arc enclosing the right sem i-ci rcle is given by: 
h [y- Rj2+z2=[212 , (y;:::: R), (7.2.4) 
where R(k, d) is the radius function of the circle contact area, and h(k, d) i the height 
function of the deformed particle , as dimension d in Figure 7.6-b. h is defined as: 
h(k, d) = (1 - k)d. (7.2.5) 
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Figure 7.6: Geometry of a deformed AeA particle. 
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The cross-sect ional profile of the deformed part icle in the plane z = z* is a circular, 
where the circle rad ius is y*, and who 'e a rea is therefore 7r (y*)2 Substit uting z = z* 
in Equation 7.2.4 and simplifying it , we obtain (y*)2: 
(7.2.6) 
Thus, the circular area is: 
S* = 7r(Y*? = 7r [ (~)2 _ (z*)2 + R] 2 (7.2.7) 
As Figures 7.6-a and b show, the volume increment between z = z* and z = z* + dz 
is V* = S*dz, which is an integral unit of the whole deformed particle from -~ to 
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+~ along z axis. Substituting Equation 7.2.7 into V' = S'dz, wc obtain : 
(7.2. ) 
The volume of the deformed particle can therefor be expressed with an integral 
equation: 
(7.2.9) 
Applying Equation 7.2.9 and 7.2.5 in 7.2.3, an equation for R(k, d) is obtained: 
R(k. d) = 
-37« 1 - k)2d + ) [37«1- k )2dJ2 - 48(1 - k )[2(1 - k Pd2 - 2d2] 
24(1 - k) (7.2.10) 
Taking test TlO - lO from Table 6.2 in Chapter 6 as an example, the calculated rate 
of strai n dol dt of th is typical A A pa.rticle undergoi ng deformation is shown together 
with the particle deformation in Figure 7.7, where the horizontal axis represents both 
the load force and the load time due to the 1 mN I s load rate used ill the test , the 
left ax is is fo r the strain rate and right line ind icate ' the part icle deform ation. 
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Figure 7.7: Stra in rate during particle deformation. 
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The red dashed line in the figure is used to distingui h between deformation Stages 
I and II as di cussed in the last section. The load force that this line indicates is 12 
mN (12 s) , at a deformation of about 2000 nm, or about 35% of the original particle 
diameter. The initial strain rate was quite noisy, but clearly decreased from about 
0.04 / s to 0.01 / s during Stage 1. ub equently the strain rate was stable at around 
0.01 / s. 
The calculated strain versus stress for te t TlO - 10 is plotted in Figure 7.8, where 
the horizontal axis represent the log stress. the left ax is is for the strain and the right 
axis is for the particle deformation corresponding to the strain . It can be seen that 
the stress a t the init ial contact was much higher than subsequently and therefore 
it is not easy to interpret the deformation behaviour for this figure. Therefore the 
deformation is broken down into three steps as follows: 
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In the first step, only the first 11 points record d in the experiment are used as 
plotted in Figure 7.9. In the figure, the plotted strain versus stress is from the first 
recorded test point to the 11 th point . It can be seen that the calculated stress for the 
fi rst point i extremely high , about 20 x 103 G Pa, much higher than the stress at the 
second point , about 498 CPa. After point 2, the strain increased steeply. The high 
stress fo r point 1 indicates that the fir t touch of the punch on the particle resulted 
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Figure 7.9: Strain versus stress fo r first 11 points. 
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in a very small spot , in theory a point. The stress after point 1 fell quickly as the 
contact area grew much bigger. 
The second step includes the deformation to the end of Stage 1. The calculated 
strain versus stress in Stage I after the first 2 points is plotted in Figure 7.10. The 
stress reduced quickly. but the rate of reduction dropped rapidly as the strain in-
creased. 
The third step covers the deformation during Stage II as shown in Figure 7.10. 
The detail d strain versus stress for the particle during this stage is shown in Figure 
7.11 , where the red circles are the results fo r TI0 - 10 that follow on from the typical 
results in Stage I discussed above. It can be seen that there are two major changes 
(which are identified as the first turn and second turn) in the slope of the curves. 
Onc is just above a strain 0.3 and the other is at strains of about 0.45. Thi also 
happened in other tests , as the results for TlO - 01 and TlO - 06 show in the figure. 
It can be concl uded that particle was hard r betw en the fir t turn and econd turn 
and then became softer again after the second turn . It is believed that the particle 
was harder after the fi rst turn b cause the deformation was not concentratecl in the 
contact areas only; i. e. the whole particle was deform ing. 
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The particle appears to soften after the second tu rn is believed to be due to some 
small cracks initiat ing before the actual crushing event. 
The strain versus stress behaviour at different stages may provide an explanation 
why joints where the particles ru·e deformed to about 40% of t he original par ticle 
size have been reported to have the best reliabi li ty [50][51]; because the deformed 
par ticles were ill Stage II , where the well deformed particles had large contact ru·eas 
between t he pa rticles and t he component parts , yet were not deformed to a point 
where cracks ini tiated , reducing the particle strength as the stain-stress curves shown 
after the second turn in Stage II . 
7.2.2 Effects of Load Rate on the D eformation of Particles 
The results presented in Figure 7.12 me the mean values fo r t he pa rticle deformation 
at t he crush point fo r load rates of 0.5 mN/ s, 1 mN/ s and 2 mN/ s (as plotted in 
Figures 6.4-a, b and c). 
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Figure 7.12: Particle deforma tion at the crush point. 
Each value in the figure i the average (arithmetic mean) of the deformation when 
the particle started crushing. It shows that the parti cle deformation at the crush 
point was higher when the load rate was lower. At 0.5 mN / s , the pru·tides could be 
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deformed by about 3500 nm, or around 60% of t he part icle size. However , the crush 
point deformation dropped to about 52% of the particle size, about 3000 nm, when 
the load rate was 1 mN / s. And there was a further small drop when the load rate 
was 2 mN / s to a deformation of around 2700 nm, or about 46% of the particle size. 
Therefore, it can be concluded that the load rate affected the particle deformation 
process, measurably delaying crush ing at lower load rates. T his is considered to be 
due to the visco-elastic properti es of the polymer particles allowing mme deformation 
at a lower load rate. The standard deviation error bars in the figure suggest t hat the 
lower the load rate, the more variable the crush point . 
The results plotted in Figure 7.13 a re the mean values of load at the crush point 
as tested at the load rates of 0.5 mN / s , 1 mN / sand 2 mN / s . Each value in the 
figure is the average (ari thmetic mean) of the load fo rce when the particle started 
crushing. It shows that the crush load was about 31 mN, when the load rate was 0. 5 
mN / s, but that it dropped a little, to less than 30 mN, when the load rate was 1 
mN/s . Therefore, there was no major difference in the crush load fo rce between load 
rates of 0.5 mN / sand 1 mN / s if only the mean load fo rce was considered. \;<,' hen 
the load rate was 2 mN / s, the mean load force dropped to about 20 mN, 
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which is more significant than the drop for the load rate of 1 mN / s, and the standard 
deviat ion error bar was similar to that for the load rate of 1 mN / s. It can be seen that 
the crush load fo rce was more variabl at the higher load rate, since the variabi li ty of 
the result · was bigger. However, more tests a re needed to confirm if the crush force 
is more variable at higher load rates. 
7 .2 .3 Visco-ela stic Properties of Individua l AeA P articles 
As stated before, the AeA particles examined in this ·tudy were metal coated polymer 
spheres. Solid polymers are often viscoelastic materials [103]. In t heory, general 
quantitative prediction of solid polymer behabiour are possible only in the ease of 
linear viscoelasticity, for which the results of changi ng stresse or strain are simply 
additive, but the t ime at which these changes occur must be taken into account [104]. 
The typical response to a step change in the level of stress fo r a linear viscoelastic 
materi al is plotted in Figure 7.14, where the vertical line in a) is load and in b) is 
extension or strain. For the most general case of a linear viscoelastic solid the total 
strain e is the sum of th ree essentia lly separate parts: 
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Figure 7.14: Deformation of a linear viscoela tic solid. a) Load ; b) strain or extension. 
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el the immedia te elastic deformation. e2 the delayed elastic deformation and e3 the 
:\1ewtonian flow, which is of the same form as the deformation of a viscous liquid 
obeying :"Iewton 's law of viscosity. It can be seen from the figure that deformation 
of a viscoelastic solid results in a time dependent change in strain following a step 
change in st ress. This kind of deform ation is sometimes called creep, but should not 
be confused with e.g. the time dependant plastic flow of metals a t high temperatures 
and tresses. 
[I' the material shows linear behaviour the magnitudes of el . e2, and e3 are exactly 
proport ional to the magnitude of the applied stress, so that a creep compliance J (t) 
can be defin ed, which is a fun ction of t ime: 
e(t ) 
J (t ) = - = J I + J2 + h-
a 
(7.2.11) 
where J1, h and h correspond to el , e2 and e3· It i . found tha t cross- li nked polymers 
do not exhibit a h term [105]. 
In the load cycling experiments on Ae A particles, a rapid change in load was 
applied similar to that illustrated in Figure 7.14 although not a step change. Figure 
7.15 shows the resul ts from the second load dwell of the typical load cycling test shown 
in Figure 6.6. It can be seen that th second load cycle started from a deformat ion of 
about 2450 nm, therefore the deformed part icle was about 3300 nm in height. T he 
deformation in the cycle was about 170 nm, so the cycl ic strain can be calculated 
as 170/ 3300, or about 5%. During the dwell period , while subjected to a constant 
stress the deformed particle experienced a time-dependent increase in defo rmation. 
This phenomenon is known as viscoelastic creep. There was also a very small visco-
plastic strain , e3, as shown in Figure 7.15-b. This behaviour was unexpected because 
the part icles are made from cross linked polymers for which the strain should be 
recoverable after unloading. It is believed that t his strain is due to plastic strai n in 
the metal coating of the particles. Just this creep deformation is plotted in Figure 
7.16. A logarithmic function , d(t ) = A * In(B * t + 1) + d(O), was used to fi t t he 
deformation as this has been shown to be a sui table model for differences in the rate 
and extent of polymer creep deformation , where A is an extensional term and B is 
a rate term [106]. A relates to the long term change in particle extension due to the 
load/ stress and B relates to the deformation ra te (1/ B is the time constant ). 
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Using a least 'quares fi t, the formula obta ined is: 
d(t) = 9.79In(5 .68t + 1) + d(O). (7.2.12) 
All of the load cycling experimental resul ts could be closely fi tted by this logari thmic 
function. The fi t ted functions for the second dwell of the experiments unloaded to 
40%, 60% and 80% are plotted in Figure 7.17, where d(O) = 0 is assumed in order to 
easily compare the t hree cr ep deformat ion curves. It can be seen the fi tted curves 
are similar although different unloading percentage were used. This indicates that 
the creep deformation was not seriously affected by the unloading percentage. 
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7.2 .4 The Effects of A dhesive on t he Mechanical D eforma-
t ion of AeA P art icles 
The results presented in section 6.2.4 suggested that the main eft' ct · of the presence 
of adhesive on the mechanical deformation of individual ACA particles are increases 
in the crush force and the crush displacement. They also showed that the chances 
of achieving ucc ssful deformation of an individual ACA particl was ra re ince the 
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particles were easily pushed out from under the punch in many of the experiments , 
resulting in only indentation on the glass bass stage being recorded. This suggests 
the lubricating effect of adhesive resins on particle movement during assembly may 
be an issue. 
Statistical methods were used to e tablish how the adhesive affected the par ticle 
defo rmation process. The results of this analysis are plotted in Figure 7.18, where the 
left vertical line is for the deform ation at crush and crush displacement and the right 
line is for the crush force. It can be seen that there was a lmost no difference between 
the deformation at the crush point with and without adhes ive. both being about 3000 
nm, although the variability in the experiments wi th resin was smaller than without. 
However, the average crush displacement of particles with re ·in was, at 1917 nm, 
significantly (about 20%) larger than without resin, which was 1600 nm. The crush 
force for the experiments with resin was also bigger than without resin , 37.11 mN 
compared to 28. 4 mN, or about 30% higher. These results are believed to be due 
to the liquid adhesive reducing friction in the contact ar a between the part icle and 
the punch/ base stage. The longer crush deformation in the ex periments with resin 
also indicated that lower fri ction existed in the contact areas du ring the deformation, 
because the crushed particle can move more freely with resin than without. 
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Figure 7.18: Part icle crushing results without and with resin. 
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7.2 .5 Mechanical D eformation of Multiple AeA Particles 
ACA assemblies have been shown to have the highest reliability if the particles are 
deformed to about 40% of the original particle size [50][51]. And the best deformation 
degree was discussed as around 40%, as shown in Figure 7.11 in sect ion 7.2 .1. There-
fore, 40% of the Type I particle size, or 1600 nm, wa' expected to be the optimum 
deformation degree for the test particles. The raw resul ts for one. two, three and four 
particles from a deformation of 1200 nm to 2000 nm (30% to 50% of the original parti-
cle size) are plotted in Figure 7.19, where five results for each level of deformation are 
shown, except for the two particle deformation where only the three successful tests 
are includ -d. The results show an increasing load force with deformation, however 
the results a re randomly distributed , and difficult to interpret. 
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Figure 7.19: Deformation of multiple ACA particles around the optimum level of 
com pression. 
In order to understand how the load fo rce affected the deformation, at between 
30% to 500/, of the original particle size, four deformation points were chosen to display 
the mean value of the tests at the deformation levels, 1200 nm, 1400 nm, 1600 nm 
and 2000 nm. The mean value. with one standard deviation !Tor bars. are plotted 
in Figure 7.20. It can be 'een from the figure that the relationship between load 
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force and deformation was similar in each kind of te ·t. The load fo rce increased as 
the deformation degree increased in each test or decreased a the particle numbers 
decreased in the tests except for the two particle tests. It shows that the mean 
load force wa almost lineal' to the particle deformation degree in the one particle 
deformation test, but this is not true because the particles was found to be crushing 
at the deformation degree, 50%, in the four ne part icl tests as shown in Figure 7.19. 
Therefore the mea n value for the one particlc tcst at 50% dcgrcc should be highcr 
than it i . 
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Figure 7.20: Deformation of multiple AeA particles to different deformat ion levels. 
In order to gain a detailed und rstanding the effcct of part icle number on the 
load forcc, the load force and load force per particle versus number of part icles at a 
deformation of 1600 nm, or 40% of the original particle size, is statistically analyzed 
as shown in Fig;ure 7.21 , where the horizontal axis is for the particle number deformed 
in each kind of experiment and the vertical line is for the load force. It can be seen 
that the mean load force increased as the particle number increased (two particle tests 
not considered), non-linearly. However, the load per particle was found to decrease 
as the particle number increased. The load per particle should be constant if the 
particles were of the same size and the punch tip and the base stage were perfectly 
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smooth and in two parallel planes. These possi ble reasons can be detailed as follows: 
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Figure 7.21: Deformation of mult iple ACA particles at 40% of rigina l particle size . 
• Particle finish : The multiple particles may have different diameters due either 
to polymer particle core size variation or an uneven metal coating th icknes . 
Therefore , the patticl · . are not d formed to the same degree . 
• Punch and ba e stage TOughness: The punch tip and the base stage surfaces are 
not perfectly smooth and can not be aligned to be perfectly parallel. Therefore, 
the particles are not deformed to the same degree. 
Therefore, the obs rved drop in load per particle for deform ation of multiple ACA 
particles is considered to be due to one particle began to be deformed first , then the 
next and the next etc .. Therefore, the average deformation degree i actually smaller 
than that recorded. Occasionally the particles may also move under the punch due 
to the uneven surface of the contact surfaces. The wor t situat ion was that some 
particles were pushed out during the deformation, as shown in the failed tests in the 
two particle deformation experiments. 
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7.3 Electrical Tests on AeA Particles 
7.3.1 Typical Electrical R esistance of a Single AeA Particle 
Undergoing D eformation 
In th is section , xperimental results obtained using a W feu punch , as shown in 
Figure 6.22, are analysed in more detail. The resul ts of t he electrical tests showed 
that the electri ca l propert i s of individua l Ae A part icles undergoing deformation 
were variable, although th general shapes of the re' i t ance curv s were similar. An 
important find ing is that t he resistance increased when the particle began to crush, as 
hown in Figure 6.20. The reason for t hi is believe I to be that t he contact pressure 
between the pa rticle and the metal surfaces dropped suddenly when the pa rticle 
started crushing . T he joint resistance kept steadily reducing up to the crush point 
(or the ma.ximum load if no crushing occurred) although t he crush points were qui te 
varia ble, as shown in Figure 6.22. The ini t ia l joint resis tances when the deformation 
started were also va riable. i\[any factors can affect the ini t ial contact resistance, such 
as the particle fini sh, the local topogra phy of the contact surfaces, oxide or other 
insulating layers, and the micro structure of the contact metals. 
Mathematical analysis i used to find t he relationship between th joint re. is tance 
and t he defo rmation. Test 2 i elected for a nalysis , a' shown in Figure 7.22 , where 
the left verti cal axis is for the joint resi 'tance a nd the right on is for a calculated 
constant as will be explained below. In the figure, t he blue curve is smoothed using a 
moving average of 10 points on the raw res istance data. If the re 'istance as a function 
of deformation , x , is denoted as r(x), then the expression, r (~) CbJ: ), can be calculated 
as: 
1 cb'(x) r(i + 1) - r(i) 
- -- - ,.......,,.,...:--,-;---'-----;~"'77 
"(x) dx [x(i + 1) - X(i)JT(i)' (7.3.1) 
where T(i) is the ith measured resis ta nce and dr is the deforma tion increment . The 
calculated value of r(~) d~~) are a lso shown in Figure 7.22 . It can be seen t hat t hese 
calculated results roughly fo llow a consta nt line a h wn by t he red line in the figure. 
Taking the constant as A, Formula 7.3.1 can be wri tten as: 
dr(x) = \ ( ) dx Ar x . (7.3.2) 
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It can be seen from Equation 7.3.2 that r(x) is an exponential decay function, where 
t he value of resistance decreases at a rate proportional to its current value. In Equa-
tion 7.3.2, r(x) is the quantity and A is a positive number called the decay constant . 
The standard solu tion of r(x) can be written as: 
r-(x) = Aexp( -xl A) + B , (7.3 .3) 
where Ai ' a coeffi cient and B i a constant . Therefore, it can be conclud d that the 
experimental results for resistance versus deformation can be fitted reasonably well 
by the equa tion of exponential decay, a shown in Equation 7.3.3. 
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Figure 7.22: Fitting of a function to the resi tance data. 
For the five tests in onc ,xperiment, it can be seen t hat the outcome (dependent 
variable) shows substant ial variation, even though all experimental parameter (in-
dependent variable') remain constant. Therefore, the method of least 'quares fitting 
was used to establish the parameters in Equation 7.3.3 using the raw data of the 
fi ve tests as shown in FigllJ'c 7.23. The calculated value of the coeffi cients ancl the 
constant are: 
A = 16.30, A = 826.71, and B = 0.84. (7.3.4) 
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Therefore. the fi tted Equation 7.3.3 is: 
r'(x) = 16.30exp( -x/826.71 ) + 0.84. (7.3.5) 
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Figure 7.23: Joint resistance fi t . 
The coefficients and the constant of Equation 7.3.3 are different for each individual 
test as shown in Figure 6.22. eparately fitted curve' [or the five tests are plotted in 
Figure 7.24 together with the best fit to all five tests . The calculated values of the 
coefficients, A and oX , and constant B, for the exponential decay equation arc li ted 
in Table 7.1 for each of the experiments. It can be se n that they vary significantly 
between tests, even for the same punch, ame base stage, and ame particle type. 
These variations may be due to manufacturing variations between individual AeA 
part icles or variations in the material properties of the area of the punch and base 
stage us d to deform the particles. The initial resistance and the shapes of the curves 
are different, but are all roughly simila r. 
A is believed to be a material coeffi cient that is affected by the initial contact 
resi tance, and th metal conductivity of the contact parts. It controls the re istance 
in the initial stages of compression/ deformation. ,\ is believed to be a material co-
efficient that is affected by the electrical and phy ical propertie ' of the conductive 
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Table 7.1: Exponential Funct ion Parameters for the Resistance Experiments 
T est A B 
T estl 12.51 1168.43 1.05 
T est2 22.26 538.84 1.30 
T est3 15.17 1036.09 0.69 
T est4 14.15 1247.75 0.24 
T est5 18.13 689.88 0.374 
T estAll 16.30 826.71 0.84 
Note: I TestALL 1S t he best f1t to all hve tests I 
particle and the actual contact areas in the deformed contact a rea. It terminates the 
speed of decay for Equation 7.3.3. As for the constant B , the smaller it is, the smaller 
the joint resistance that can be achieved. This constant is considered to be affected 
by the metal conductivity of the particle, the punch and the base tage. It is around 
1 for the contact metal parts, i.e . the W leu punch, the Type II particle and the 
brass base stage, used in this ex periment. However, more research on the physical 
understanding of A, A, and B is required before the formu la found in this research 
can contribute to the understa nding of the electrical propert ie of individual ACA 
part icles. 
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7.3 .2 Electrical Stability Tests on Indiv idual P articles 
Stable joint resistances were found in the electrical tests on individual particles if 
the load was con tant during the dwell. The joint resistance measured during the 
dwell was smaller if a higher load rate had been used. For example, the smallest 
stable resistance was about 2.9 n when a 2 m N I s load ra te was used, less than 
the smalle t , about 4.2 12. measured when 0.5 m.NIs was used, as shown in Figure 
6.28. The final resistances of individual particles in an actual ACA assembly may 
not be the same resistance as the resistances measured here, since the deform ation 
locked in by the curing of the adhesive will not be the same a the bonding force 
applied during t he assembly process. Normally, this holding force would be expected 
to be smaller than the applied force during the final stage of the bonding process 
[107]. Therefore. the joint resi tance of individual part icles increases to some degree 
due to the load force switching from th bonding force to the force supported by the 
shrinkage stresses. These stresses are afrected by the temperature and becomes stable 
in room temperature after the cooling process is finished and the following applied 
bonding force was released in the final bonding proce· . 
7.3.3 Electrical Resistance Tests wit h Different Punch Ma-
terials 
The results how that the joint resistance was significantly higher when a H SS punch 
was used rather than a W I Gu punch. These difference in res istance are because the 
stationary contact resistance in the contact area between the particle and the punch 
or the base stage is highly dependant on the conductivity of the contact metals and 
the contact surface finish of the contact parts. 
The fitting method as used in last section is used to obtain a deta iled comparison 
between these two kinds of tests. T heir joint resistance versus deformation are shown 
in Figure 7.25, and the values of the coefficients and constants are listed in Table 
7.2. It can be een in the figure that the shape of the decay curve is similar, as the 
coefficients A and A are similar. T he ini t ial resistance in the tests using a H SS punch 
was slightly higher than those tests using a W IGu punch. Compared to the other 
1 3 
coefficients, the constant B for the H S S punch results is much bigger than for the 
W /eu punch. This suggested that the shape of the resistance versus deformation 
relationship for the same type of part icle is similar , although the initial resistance 
and the stable resistance are qui te different, as shown in the figure, for d ifferent test 
punch materials. This is further confi rmat ion that constant B is affected by the metal 
conducti vity, s ince B fo r the tests using the W /eu punch was much smaller than for 
the tests using the H SS punch. 
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Figure 7.25: Exponential curve fi ts to experiments using different punches materi als. 
Table 7.2: Best Fi t to the Five Experiments for Each Punch Type 
Test A k I B I 
W/Cu punch 16.30 826.71 0.84 
HSS punch 17.53 786.55 5.55 
7.3.4 V / I Properties of a D eformed AeA Particle 
The voltage measured for each current increment is presented in Figure 7.26, where 
the ve rt ical ax is is the mean value of measured voltage. Ohmic conduction was found 
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in the range of the applied current (0.1 to 1.6 m Al with a resistance of about 1A1 Il 
as the green linear fit shown in the figure. Normally, there are a t least 20 particles 
trapped in each joint of an actual electronics package, t herefore this individual pa rticle 
res istance of 1.41 Il would result in a joint resistance of 70 mll. which is of a similar 
magnitude to the joint resistance of an actual assembly, for example, about 40 mll 
for the experimental results in the Chapter on CO-) lana ri ty (sect ion 4.3. 1). 
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Figure 7.26: V/ I behaviour of a single particle. 
The results from this experiment fit well with the experimental linearity mea-
surements previously reported by Oguibe et al. [21], where it was found that low 
resi tance joints exhibited ohmic behaviour for currents up to 200 mA. In their ex-
periments ACA joints with multiple particles (the number of particles in the joints 
is not known) were used, rather than only one par ticle as used in this research. This 
V / 1 measurement for individual ACA particle joint fu rther confirms that ACA joints 
exhibi t ohmic I ehaviour. 
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7.4 Summary 
The results from the mechanical deform ation and elect rical tests on ind ividual Ae A 
particles have been analysed and discussed in this chapter using mathematical and 
statistical methods. Thi research will contribute to the fundamental understanding of 
the use of A A materials in electronics packaging. The novel experimental methods 
used in this research deli vered a new way to test sma ll parti cles mecha nically and 
electrically, and can also be used in other research area where t he part icle size is 
similar to Ae A particles. 
Significant F indings include : 
• Detect ion of changes in the pa rticle behaviour starting to take place before 
crushing occurred. 
• The mechanical defo rmation of indi vidual Ae A particles was found to be af-
fected by t he load rate, confi rming the Ae A particles tested had Linear visco-
elasticity propert ies. 
• It was found tha t the presence of resin during the mechanical deformation of 
indi vidual Ae A part icles affected t he deformation proce s, the deformation wi th 
resin required a higher crush force although the crush deformation was as same 
as in the experiments without resin . 
• The electrical tests showed that t he joint resistance increased when the particle 
began to crush or the load was released and the relationshi p between the joint 
resistance and deformation was fi tted well by an exponent ial decay function. 
• J oint resistance was afFected by loading rate and a stable resistan ' was mea-
sured if the holding force was kept unchanged during a dwell period. 
• It was confi rmed found that the conduction of individual Ae A part icles was 
Ohmic up to a significant level of applied current. 
Chapter 8 
Conclusions and Future Work 
The research presented in this thesis has advanced the fund amental understanding of 
AeA technology in electronics packaging in a number of a reas. The conclusions from 
the work and a number of avenues for future work a re summarized in this chapter. 
8.1 Thesis Conclusions 
The conclusions from the research work presented in t his thesis are grouped into 
three parts in this section: the effects of planarity variations on AeA assembly, t he 
experiments on individual AeA particles and a comparison of the res istance versus 
deformation results for these two types of experiments. 
8.1.1 Effects of Planarity Variations on AeA Asse mbly 
Deliberate chip rotation was used to simulate co-planarity variation in an AeA as-
sembly. The actual bond thicknesses, i. e. the height of the defo rmed particles in 
AeA joints with rotat ion were measured. T he measured bonds were thinner in the 
less compressed sides and thicker in the highly compressed sides than the calculat ions. 
This indicates that the actual rotations were smaller t han planned. This research has 
led to the following conclusions: 
Three stages of particle deformation were identified from the rotat ion experiments. 
In stage I, at low rotation angles, low and uniform resistances were found . In stage 
II, the joint r sistances of the less compressed side increased, due to the decreased 
deformation of the AeA particles. In contrast to the less compressed side, the lower 
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conduct ivity joints in the highly compressed side resulted from crushed particles and 
the red uced area of mechanical contact between the particles and the pads. In stage 
IH. highly varial le AeA joints were found in the less compressed side. because the 
AeA particle deformation was dramatically decreased and the mechanical contact 
between the particles and bumps/pads were very limited. It 'uggests that the joint 
resistances in the highly compre 'sed sides are more stable compared those in the less 
compressed side, however such joints may suffer reliability problems in service, since 
that AeA particles were crushed in this stage and tationary contacts between the 
bumps and pad may be initialled between the pieces of the crushed particles. It was 
found that the joint resistance reduced as the bond thickness reduced by 55% of the 
original particle diameter, but then the joint resistance had relatively little further 
change for greater deformations, a lthough there is some evidence of a slight increase 
in resi tance. On the other hand, the results suggest that the joint resistances are 
getting more consistent after the particles were deformed by 1110re than half of their 
origina l diameter. 
8.1.2 Experiments on Individual AeA Particles 
A novel methodology for the mechanical and electrical testing of individual AeA 
particles has been developed in this research. A number of significa nt findings have 
resulted from these experiments. The technique could be us d to test any kind of 
micro particles that are of a similar size to the Ae A particles tested. The mo t 
significant conclusions from these tests are listed in the following s ct ions. 
Mech a nical D eformation 
• 1\Jpical mechanical deformation of individual A CA particles: The typical load 
versus deformation behaviour of individual AeA particle' was e.'tablished. Four 
stages were identified in this process. In the ini t ial deformation (Stage I), the 
deformat ion is approximately proportional to the load force applied until the 
deformation degree reached approximately 25%. Then the particle ti ffness 
was risi ng well before a deformation degree of 35%. During furth r deformation 
(Stage II), the stiffness increased significantly, but the rate of incr a e in st iffness 
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reduced before the particle was actually crushed. In Stage nI, the particles were 
crushed experiencing a large deformation with no increase in load. In the post 
crushing process, Stage IV, the load ramped up to the maximum load, followed 
by a unloading process. 
• Strain versus stress: The strain versus stress behaviour was estimated from the 
load experiments. In Stage I, the stress was initially localised and very high, but 
reduced quickly. However the rate of reduction dropped rapidly as the strain 
increased. There are two turns in the slope of the curves of strain and stress in 
Stage n. It can be concluded that in Stage I and up to the first turn the particle 
was soft, but the particle became significantly harder after the first turn until 
becoming soft again after the second turn. 
• Load rate: The mechanical deformation of individual AeA particles was found 
to be affected by the load rate. The lower the load rate was, the higher the 
crush force and the deeper the particle deformation before crushing. 
• Visco elasticity: The AeA particles tested in this research showed linear visco-
elastic behaviour where the deformation increased with time. Non-recoverable 
stain was also found in the experiments. It was found that the deformation 
during the load dwells closely fitted to a logarithmic function. The deformation 
was almost unaffected by the size of the unloading cycle. 
• Resin effects: The presence of an adhesive resin during the mechanical deforma-
tion of individual AeA particles affected the deformation process. Deformation 
with resin resulted in a higher crush force, although the crush deformation was 
the same as in the experiments without resin. The crush displacement with 
resin was also found to be longer than without. This is believed to be due 
to the liquid adhesive lowering the friction in the contact areas between the 
particle and the punch or base stage. 
• Multiple AeA particle deformation: Experiments on mechanical deformation of 
multiple AeA particles showed that the load force was higher if more particles 
were deformed together up to the same deformation degree, however the increase 
was not proportional to the number of particles. Particle non-uniformity, punch 
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and base stage roughness and non-planarity are believed to be the main reasons 
for this. 
Electrical Tests 
• Typical electrical resistance of a single AeA particle: The joint resistance of a 
single particle reduced as the load increased until the particle began to crush 
at which point it increased slightly. The relationship between joint resistance 
and deformation was found to closely fit an exponential decay function. The 
parameters of the function were calculated and their physical significance was 
postulated. 
• Electrical stability: Stable joint resistances were found in the electrical tests 
on individual particles if the load was constant during the dwell. The joint 
resistance measured during the dwell was smaller if a higher load rate was used. 
• Punch materials: It was found that the shape of the resistance versus defor-
mation relationship for the same type of particle is similar, although the initial 
resistance and the stable resistance are quite different for different punch ma-
terials. 
• V If behaviour: From the voltage versus current behaviour of a deformed ACA 
particle it can be concluded that the conduction of ACA particles is Ohmic 
within the range of the current applied. 
8.1.3 A Comparison of the Resistance versus Deformation 
Results for These Two Type of Experiments 
In order to compare the resistance versus deformation results for these two type of 
experiments, the raw data for the five tests using the W ICu punch as shown in 
Figure 6.22 and the raw data of resistance versus bond thickness for the co-planarity 
experiments as shown in Figure 4.13 are compared as shown in Figure 8.1, where the 
left axis is for the single particle resistance and the right is for the resistance of ACA 
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joints measured in the rotation experiments. Exponential decay function fits to these 
two sets of data are used to aid the comparison as also shown in the figure. It can be 
seen that the variation in resistance of indi vid ual AeA particles is smaller than that 
for the actual Ae A joint resi. 'tances. 
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Figure 8. 1: Resistance of individual AeA particles and AeA joints. 
Figure 8.2 shows the comparison between the fitted exponential curves for the 
individual Ae A experiments and the estimated resistance per particle in the rotation 
tests, where 20 particles per joint is assumed for each of the individual joints, as 
discussed in the last chapter. It can be seen that they obey almost the same relation-
ship between the resistance and the deformation, and although the joint resistance 
per part icle for a deformation degree less than 20% is not avai lable; fo r d formations 
of more than 20%, they have a similar decay rate and val ue even though the experi-
ments did not use exactly the same type of AeA particles. This further confi rms that 
the experimental techniques for measuring the behaviour of individual AeA parti-
cles as discussed in this thesis can be used to determine information relevant to the 
performance of actual AeA assemblies. 
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Figure 8.2: Comparison between single par t icle resistance and re' i 'tance/ part icle of 
ACA joints. 
8.2 Future Work 
The re arch carried out in this t hesis has given rise to a number of ideas for future 
work on the performance of ACA conductor particles: 
• The behaviour of ACA as. embl ies with other types of bond pad non-plana ri ty, 
as detailed in section 3.4.1 , are of interest . particularly those chip bump and 
substrate pad geometr ies that can be manufactured. Such a study might include 
computat ional analysis, such as FENj modelli ng , particularly where experi ments 
are difficult or impractical. 
• In the co-planari ty experiments, it was found that the smallest joint resistance 
was for the unrotated san1ples. In other words, any planarity variation in an 
ACA assembly will re ult in an increased joint resistance even where t he joint 
t hickness is reduced. iVlore research is required to investigate this finding and 
whether it is due to part icle displa ement from the bond pads. 
• Further development of the experimental technique for te't ing of indi vidual 
ACA particles is likely to include a ruby or diamond punch for the mecl1anical 
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deformation of individual AeA particle and a ceramic punch coated by gold or 
platinum for the electrical test. The methodologies used in this research are 
ready to be tried on other kinds of materials. Such as amorphous particles, fine 
solder balls and any other particles that are of similar size. 
• As for the mechanical deformation of individual particles, tests on different types 
of particles are of interest including particles with or without coating. This will 
help to further improve the fundamental understanding of AeA technology. It 
would be ideal if the particles could be tested within a layer of melted adhesive 
where the temperature is controlled in the same way as in the actual assembly 
process. 
• Analysis using computational modelling will be another valuable work to be 
undertaken in this area. This could include, for example, more detailed mod-
elling of individual AeA particle deformation, the effect of adhesive present in 
the joint, the visco-elastic deformation, load rate effects on the particle defor-
mation, etc ... 
• More work is also needed on the electrical testing of individual AeA particles 
to further understand the conduction mechanisms for the AeA technology. An 
exponential decay function was found to bea good fit to the electrical test 
results for the particles used in this research. Testing of different kinds of AeA 
particles could be undertaken to see if all particles show the same behaviours. 
Analytical and computational modelling could also be used to investigate the 
physical basis for this relationship. 
• The new technique provides a basis for research to determine the optimum 
particle deformation parameters to improve the performance of AeA assembly 
and their long term reliability. 
• Some additional research is required to check the possible effects of residues on 
the punch tip and to verify whether there is any deflection of the sample base 
stage used in the individual particle deformation. 
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Experimental Results for a-rotation. 
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Table 8.1: Cl-rotation. 
Joint Less compressed side, R (mm. 
Sample 0 1 2 3 4 5 6 7 8 9 10 
1 38.4 45.9 55.1 59.8 67.1 61.5 50.9 53.4 70.1 72.7 74.8 
2 57.9 39.2 58.8 34.4 43.1 51.4 47.1 58.3 70.8 60.5 100.5 
3 51.8 45.7 53.8 50.1 65.5 53.9 67.0 81.8 73.7 62.1 95.7 
4 39.9 35.2 63.7 47.0 60.0 49.6 35.8 46.5 44.6 52.4 63.2 
5 35.6 28.2 45.3 53.1 60.6 50.3 50.7 51.7 51.1 49.2 80.3 
6 53.4 42.2 71.7 50.2 116.7 50.9 69.4 71.7 56.8 75.6 106.2 
7 40.9 33.8 43.0 41.5 71.2 50.3 67.8 62.4 56.8 69.8 118.9 
8 35.9 35.3 43.5 40.1 44.8 66.2 63.7 100.8 59.3 73.1 77.6 
9 42.6 34.1 54.2 46.8 122.2 49.7 74.5 76.2 76.4 60.8 97.9 
10 30.3 31.0 52.7 50.1 141.5 65.0 100.1 77.8 70.8 69.7 76.7 
11 38.7 45.0 75.2 58.7 65.7 100.2 161.9 85.5 102.5 136.6 150.8 
12 30.7 45.3 58.9 65.4 43.6 74.9 101.5 51.1 86.6 124.7 63.9 
13 48.3 29.4 68.7 81.6 51.7 83.2 93.0 89.5 131.4 98.5 101.3 
14 37.7 39.8 73.6 59.6 55.5 102.6 163.5 124.5 246.2 176.4 141.7 
15 34.3 55.8 58.6 69.4 51.9 116.5 110.7 66.4 137.4 103.6 140.1 
16 53.4 47.6 51.2 47.5 52.9 112.7 147.3 85.6 248.9 118.2 191.4 
17 50.2 69.6 55.0 53.1 55.4 88.8 97.7 85.6 152.8 139.4 172.2 
18 43.8 44.5 59.2 55.4 48.8 88.1 84.0 56.9 105.7 76.1 88.9 
19 33.5 44.1 54.8 61.7 57.2 64.4 87.2 54.2 59.5 72.6 82.6 
20 35.4 44.9 44.3 72.3 49.5 61.2 104.7 97.1 132.2 127.5 125 
21 32.4 27.5 46.2 62.8 39.5 50.7 77.8 68.8 87.2 101.2 120.1 
22 25.7 32.3 40.1 66.2 37.3 55.3 72.9 64.6 69.8 78.9 66.2 
23 32.3 41.4 45.2 60.0 39.4 63.2 129.9 99.0 88.5 103 85.8 
24 31.1 36.3 49.2 73.6 44.5 58.1 80.5 92.8 78.6 99.3 106.7 
25 37.6 50.5 53.0 63.2 60.7 50.3 80.7 103.9 72.2 108.2 76.2 
26 25.6 32.5 39.6 58.2 36.7 48.8 101.1 79.5 72.6 73.3 102.3 
27 35.5 34.8 34.0 53.5 36.7 50.4 45.3 75.7 59.1 66.7 81.1 
28 34.5 43.7 60.1 53.4 46.8 59.4 50.4 72.6 65.1 180.4 125.9 
29 38.4 30.0 54.9 55.6 46.8 47.3 43.2 38.5 45.7 40.6 49.8 
30 40.7 47.1 52.6 64.0 47.6 61.1 55.7 80.1 66.7 114.6 118.3 
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Table 8.2: ,6-rotation. 
Joint Highly compressed side. R (mO). 
Sample 0 1 2 3 4 5 6 7 8 9 10 
1 36.2 55.3 57.2 53.5 61.7 66.1 64.6 52.3 56.8 41.0 52.9 
2 47.3 45.1 71.3 45.3 52.4 56.1 91.5 39.4 56.8 46.2 54.3 
3 61.3 39.2 43.6 50.3 64.8 47.6 46.7 55.9 56.8 60.4 88.3 
4 34.0 38.2 45.7 40.9 39.1 39.8 42.3 59.2 56.8 35.2 40.7 
5 38.2 37.0 40.4 52.2 49.4 51.6 40.1 48.5 49.8 30.2 31.9 
6 43.3 37.5 50.1 43.2 44.3 46.8 47.6 76.5 49.8 46.9 62.3 
7 41.6 36.4 56.8 38.0 36.9 58.7 44.7 56.4 49.8 44.2 41.4 
8 40.6 36.4 34.5 41.0 50.1 42.4 41.7 48.6 49.8 30.9 35.8 
9 33.6 41.0 45.5 47.3 56.5 41.2 45.4 36.8 41.4 30.2 45.8 
10 32.6 35.5 44.2 41.0 43.1 46.1 47.1 41.6 56.8 41.9 37.3 
11 32.9 51.1 68.9 44.7 50.6 52.9 64.0 54.1 52.1 56.3 63.0 
12 37.6 44.5 41.3 48.6 47.1 41.2 39.8 49.8 47.0 47.6 46.2 
13 35.9 32.5 45 47.8 46.6 44.8 58.5 47.9 58.3 40.3 33.8 
14 34.7 32.2 35.1 50.2 40.4 34.5 42.7 38.3 59.3 29.8 45.3 
15 34.2 35.6 44.5 45.6 38.5 42.5 46.8 50.1 40.7 45.0 37.4 
16 38.2 31.7 36.3 55.3 39.5 45.2 38.1 42.3 45.5 51.6 38.2 
17 36.8 29.8 37.6 54.7 61.3 40.2 46.3 37.5 40.1 38.1 43.8 
18 39.2 33.3 39.5 55.6 68.1 50.6 69.8 41.3 46.0 47.2 43.8 
19 48.1 42.9 40.8 65.2 41.2 52.8 71.6 54.3 53.3 42.1 58.4 
20 59.6 55.4 55.8 36.8 36.4 56.8 88.9 81.5 48.9 50.4 52.2 
21 39.8 35.4 78.0 38.9 43.6 40.4 72.5 55.7 53.4 49.3 50.6 
22 38.1 33.9 42.8 36.8 37.4 31.1 43.1 49.8 41.5 42.4 69.4 
23 42.4 31.5 48.0 65.2 37.8 45.7 56.2 49.3 42.1 54.7 64.4 
24 38.8 40.3 48.1 37.4 48.3 38.8 67.1 59.3 53.8 45.1 46.4 
25 57.1 55.8 72.2 41.2 43.6 66.6 76.9 71.4 79.2 60.7 52.2 
26 34.9 40.0 43.4 48.3 34.7 44.3 95.2 50.4 44.7 38.9 53.2 
27 40.4 28.9 58.8 51.7 45.6 54.4 51.7 52.8 47.2 55.6 48.2 
28 40.2 49.7 90.8 54.4 72.3 76.2 80.1 75.9 81.1 78.1 90.1 
29 54.5 43.4 58.2 44.3 60.8 59.9 62.3 48.6 71.0 70.9 84.6 
30 43.8 42.3 61.2 48.3 51.2 80.3 60.3 57.8 71.7 72.1 54.1 
Appendix 2 
Drawings of indenter components manufactured for particle experiments 
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